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Background: To explore whole-liver histogram analysis (HA) with blood oxygen level-dependent
functional magnetic resonance imaging (BOLD-fMRI) in evaluating and diagnosing hepatic fibrosis (HF) in
a CCl4-induced rabbit model.
Methods: One hundred rabbits were classified as CCl4-induced HF groups (n=80) and control group (n=20),
and were scheduled for BOLD-fMRI examination on a 3.0T scanner. Whole-liver HA metrics, including
the mean, median, skewness, kurtosis, inhomogeneity, entropy, and nth percentiles, were extracted from the
R2* map. Parameters were compared among the different HF stages using receivers operating characteristic
analysis and Mann-Whitney U-test.
Results: In all, 17, 18, 19, 17, and 15 rabbits were pathologically diagnosed as F0, F1, F2, F3, and F4,
respectively. HA parameters, including the median, inhomogeneity, entropy, and the 75th and 90th percentiles
of the BOLD R2* map, demonstrated significant positive correlations with the fibrosis stage (r=0.226–0.718,
P≤0.039). The 75th percentiles demonstrated higher diagnostic efficacy than the other HA parameters in
fibrosis staging, with an AUC value of 0.86 for ≥ F1, 0.87 for ≥ F2, 0.87 for ≥ F3, and 0.86 for ≥ F4.
Conclusions: BOLD-fMRI HA provides increased diagnostic performance in staging HF, especially for
the 75th percentiles.
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Introduction
Hepatic fibrosis (HF) is caused by the accumulation
of extracellular matrix proteins and is a common
histopathological feature of chronic liver disease resulting
from various hepatic, metabolic and cholestatic diseases
(1,2). HF represents the critical prestage of liver cirrhosis
and may eventually deteriorate into hepatocellular
carcinoma in the absence of antifibrotic therapy in earlystage HF or liver transplantation in advanced HF stages
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(3-5). Therefore, precise evaluation of the HF stage is not
only important for diagnosis, but it is also increasingly
important for establishing prognosis and guiding subsequent
treatment.
Although liver biopsy is considered to be the current
gold standard for diagnosing and staging HF, it has serious
limitations including sampling error as high as 25%, high
intra/interobserver variability, and invasive complications
such as pain in 25–40% of patients and bleeding or death
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in 0.3–0.6% of patients (6,7). Serum markers provide
noninvasive assessment of HF, but a newly published metaanalysis of 32 studies and 11,179 patients demonstrated a
low sensitivity of 69% (95% CI: 63–73%) and specificity of
71% (95% CI: 66–75%) for the fibrosis-4 index (FIB-4) in
distinguishing HF stages, revealing that serological testing
was inadequate in precisely discriminating HF (8). Thus,
in recent decades, studies have been increasingly aimed at
investigating noninvasive and accurate imaging techniques
for assessing HF.
Blood oxygen level-dependent functional magnetic
resonance imaging (BOLD-fMRI) using deoxyhemoglobin
as an endogenous contrast mechanism is the only
noninvasive imaging method that reflects the blood oxygen
level in vivo and can be used to assess changes in blood
flow and oxygenation (9,10). Ning et al. (11) suggested
that the signal intensity of BOLD-fMRI was of great
importance in discriminating the HF stage (P<0.05) and
demonstrating a strong negative correlation with HF
progression (r=0.773, P<0.05). Histogram analysis (HA)
is a new image postprocessing approach which employs
mathematical analysis to evaluate variations in the grayscale
intensity of images that are not detected by the human eye.
Previous studies indicated that HA with different functional
MR sequences including diffusion-weighted imaging
(DWI) (12), susceptibility-weighted imaging (SWI) (13),
and MR elastography (MRE) (14) were valuable for
reflecting histopathological heterogeneity and diagnosing
HF stages. However, no well-validated study has been
conducted to assess the value of whole-liver HA with
BOLD-fMRI in diagnosing and staging HF.
Therefore, this study aimed to explore whole-liver
HA based on BOLD-fMRI in quantifying the grayscale
distribution and staging HF in a rabbit model induced
by carbon tetrachloride with histopathological results as
a reference standard. We present the following article in
accordance with the ARRIVE reporting checklist (available
at http://dx.doi.org/10.21037/apm-20-1753).

weighing 2.0–2.5 kg and aged 6 months old were included.
According to the method of block randomization, these
rabbits were randomly divided into the HF group (n=80),
in which HF was induced by a subcutaneous injection of a
50% CCl4 oil solution for 4–16 weeks, and a normal control
group (n=20), in which the rabbits received subcutaneous
injections of normal saline solution at the same dosage and
frequency (15). The dose of CCl4 increased gradually as
follows: 0.1 mL/kg from week 1 to week 3, 0.2 mL/kg from
week 4 to week 6, and 0.3 mL/kg from week 7 to week 16.

Methods

The BOLD images were analyzed by consensus by two
abdominal radiologists (HFL and QW) with 5 and 10 years
of experience, respectively, who were blinded to the
histopathological results.
After BOLD-fMRI scanning, the original R2* maps were
generated and stored in digital imaging and communications
in medicine (DICOM) format, and postprocessed using
Firevoxel software (FireVoxel, 329; https://wp.nyu.edu/

Animal model
Experiments were performed under a project license (No.
2019-022) granted by institutional ethics board of Third
Affiliated Hospital of Soochow University, in compliance
with NIH guidelines for the care and use of animals.
One hundred healthy female New Zealand white rabbits
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BOLD-fMRI protocol
At the end of the 4th, 5th, 6th, and 15th weeks after the
first injection of CCl4, 20 rabbits in the HF group and 5
rabbits in the control group underwent BOLD imaging
with an 18-channel HeadNeck coil on a 3.0 T MRI scanner
(Signa HDx, GE Healthcare, Waukesha, WI). Rabbits
were fasted for 12 hours, and then general anesthesia was
induced by intramuscular injection of 0.1 mL/kg xylazine
before the examination, followed by mechanical ventilation
anesthesia using a small animal anesthesia instrument (ABS100, Y100141035, China) with the anesthesia level of 3.5%
isoflurane (isoflurane, USP, China) for rabbits during MRI
scanning.
The rabbits were placed in a supine position with
the head positioned straight forward and fixed with an
abdominal elastic belt to decrease respiratory movement.
The BOLD-fMRI protocol included the two following
sequences: (I) transversal BOLD-fMRI: BOLD images were
acquired using a multiple gradient recalled echo sequence
with the following parameters: TR =1,090 ms, TE =3.4–
39.2 ms, FA =15°, FOV =160×140 mm, matrix =218×256,
ST =4 mm, SP =0.4 mm, Nex =2, bandwidth =331 Hz/pixel,
acquisition time =2 min 10 s. (II) Precontrast axial T1weighted imaging (T1WI) with turbo-spin-echo sequence.
BOLD image analysis
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firevoxel/downloads/) for performing HA. ROIs were
manually drawn on each transversal image covering the
whole liver parenchyma by two mentioned radiologists,
avoiding visible vessels, bile ducts, artifacts, and liver edges.
Then, an R2* histogram and frequency table were generated
for the whole-liver ROIs, and the following data were
calculated: the mean, median, inhomogeneity, skewness,
kurtosis, entropy, 10 th, 25 th, 75 th, and 90 th percentiles.
(I) Inhomogeneity is thought to represent the variation
divided by the mean gray-level intensity across all pixels;
(II) the skewness and kurtosis represent the asymmetry and
peakedness of the histogram, respectively; (III) entropy
reveals the irregular distribution within the histogram; and
(IV) the nth percentile indicates the n% of the voxel values
from the histogram, which are found to the left.
Histopathological examination
These experimental rabbits were sacrificed immediately
through aeroembolism after satisfactorily completing
BOLD-fMRI. The liver was harvested and fixed in 10%
formalin and stained with Masson’s trichrome stain. Then,
the stained slices were evaluated by two well-trained
pathologists who were unaware of the BOLD images, and
discrepancies were solved in consensus. The HF degree was
classified according to the METAVIR system, and it was
divided into five stages: F0, no fibrosis; F1, portal fibrosis
without septa; F2, portal fibrosis and a few septa; F3,
numerous septa without cirrhosis; and F4, cirrhosis.

diagnostic values in differentiating F0 vs. ≥ F1 (F1-F4), F0F1 vs. ≥ F2 (F2-F4), F0-F2 vs. ≥ F3 (F3-F4), and F0-F3 vs.
≥ F4 (F4), respectively. The optimal cutoff values of each
metric for identifying different HF stages were determined
by the maximum Youden index (sensitivity + specificity −1).
P<0.05 was considered statistically significant. All statistical
analyses were performed through SPSS (version 22.0,
Chicago, IL) and MedCalc (version 18.2.1, Acacialaan,
Belgium) software.
Results
Animal model and histopathological results
Of the 100 rabbits, 1 normal rabbit and 7 HF rabbits
died owing to poor tolerance of anesthesia or CCl 4
administration, and 2 rabbits in the control group and 4 in
the HF group were excluded result from severe breathing
and movement artifacts. In all, 17 normal rabbits and 69 HF
rabbits were finally enrolled, with 17 rabbits in stage F0,
18 rabbits in stage F1, 19 rabbits in stage F2, 17 rabbits in
stage F3, and 15 rabbits in stage F4, respectively.
HA parameters among the different HF stages
Representative images of Masson’s trichrome-stained
samples, schematic drawings of the ROI, rainbow R2* maps,
and histogram images for stage F2 in the rabbit liver are
shown in Figure 1. The results of the Shapiro-Wilk test
suggested that all quantitative parameters were normally
distributed, which shown in Table 1.

Statistical analysis
A Shapiro-Wilk test was used to evaluate the normal
distribution of the HA parameters. If those parameters
were determined to be normally distributed, the data
are presented as the mean ± SD. Correlations between
parameters and HF stages were evaluated using Spearman’s
correlation coefficient (r), and a P value <0.05 was
considered statically significant. Pairwise comparisons
of histogram parameters with different HF stages were
tested through the Mann-Whitney U-test with Bonferroni
correction, and a two-sided P value <0.05 was considered
statistically significant. For significant parameters
(significant correlation with HF progression), box plots of
each parameter were plotted for every HF stage, and the
receiver operating characteristic (ROC) curve with area
under ROC (AUC) was further determined to evaluate
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Correlations between HA parameters and HF stages
The spearman’s correlation results (Table 2) and box plots
(Figure 2) indicated a strong positive correlation between
the 75th and HF stage (r=0.718, P<0.001), whereas there
were moderate positive correlations for the HA parameters
including the 90 th (r=0.670), inhomogeneity (r=0.644),
entropy (r=0.318), and median (r=0.226) with increasing
HF stage (P<0.05). However, no statistical correlations were
found between the mean, 10th, 25th, skewness, and kurtosis
with HF stage progression.
Differences in HA parameters among HF stages
As summarized in Table 3 and Figure 2, a significant
difference in the median metric was only found between
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Figure 1 Typical figure of pathology, histogram analysis, ROI and rainbow R2* map. (A) Pathological image (Masson’s trichrome slices, F
×100) for stage F2: portal fibrosis and a few septa. (B) Data acquired from each slice were summed to derive the voxel-by-voxel R2* values for
the whole liver, and the R2* histogram images were generated for stage F2; (C) schematic drawing of ROI; (D) rainbow R2* map.

F0 and F4. When comparing all HF stage pairs, with the
exception of F0 vs. F1 and F1 vs. F2, a significant difference
was observed in 75 th (P<0.05). Similarly, 90 th value was
significantly different among all LF pairs compared
(P<0.05), except F0 vs. F1 and F2 vs. F3. A significant
difference in entropy was found between F4 and (F1-F3)
(P<0.05). Moreover, the inhomogeneity value did not
significantly discriminate F1 vs. F2, F2 vs. F3 and F3 vs. F4
(P>0.05). Additionally, a significant difference in entropy
was found between F4 and (F1-F3) (P<0.05).
ROC curve analyses
Among the five HA parameters that increased with
HF progression, ROC curve analysis revealed the best
diagnostic value for the 75th percentile (AUC =0.86, 0.87,
0.97 and 0.86), followed by 90th percentile (AUC =0.88,
0.87, 0.80 and 0.82) and inhomogeneity (AUC =0.83,
0.83, 0.83 and 0.82), which was higher than the entropy
(AUC =0.65, 0.65, 0.70 and 0.71) and median (AUC =0.65,
0.62, 0.60 and 0.61) for staging ≥ F1, ≥ F2, ≥ F3, ≥ F4,
respectively, as presented in Table 3 and Figure 3.
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Discussion
In this animal study, we investigated the diagnostic value
of BOLD-fMRI in diagnosing and staging HF from the
perspective of whole-liver HA using histopathological
results as the reference standard. As shown in our study,
the histogram-derived parameters including the median,
inhomogeneity, entropy, and the 75th and 90th percentiles
increased progressively with increasing HF stages,
suggesting that BOLD-fMRI offers a robust method that
may improve the assessment of HF.
As HF progresses, intrahepatic vasoconstriction,
extracellular matrix deposition, and regeneration nodule
formation occur, contributing to increased portal venous
pressure and therefore a lower partial oxygen level (16).
Previous studies have reported that a decreased ratio of
oxygenated hemoglobin to deoxyhemoglobin reduces
microscopic field gradients and decrease T2* relaxation
time, thus R 2* (1/T 2*) map can be an effective imaging
biomarker of HF processes (17,18). Studies in growing
numbers have investigated the HA or deep learning of MRI
functional sequences, including the hepatobiliary phase (19)
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*, P<0.05. HF, hepatic fibrosis.
*, P<0.05 for comparison between F0 and F1-F4 stage. BOLD, blood oxygen level-dependent; HF, hepatic fibrosis.
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Table 1 Histogram analysis parameters of BOLD imaging among different HF stages
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Table 2 Correlation between histogram parameters and HF stage

and proton density (20), in staging HF. However, these
studies drew the ROI around partial liver tissue or in one
slice of the liver. These ROI selections were subjective
and easily led to sampling bias because the grayscalelevel information for the whole liver cannot be fully used.
Thus, to improve the reliability and reproducibility of HA
parameters, another purpose of this research was to explore
the diagnostic accuracy of whole-liver HA of BOLD images
in assessing grayscale heterogeneity and diagnosing HF.
Among the n th percentile metrics, the 75 th percentile
demonstrated the highest value in predicting HF severity,
followed by the 90 th percentile, whereas the lower
percentiles were of little use. This revealed that higher
percentiles are more valuable in distinguishing HF. The
signal intensity of the 75th percentile is smaller than the
value acquired by excluding the 25% maximum values,
which may reflect incorrect signal intensity from image
noise or artifacts that were included in ROIs. Thus, the
75 th percentile was more representative of pathological
characteristics of the liver parenchyma. Zheng et al. (12)
also suggested higher percentiles were more helpful in
staging HF with apparent diffusion coefficient (ADC)
HA in humans. The 90 th percentile was superior to the
75th percentile in their study, possibly because the BOLD
image is more susceptible to noise variations (21) and
animal models have more breathing and movement
artifacts. Compared with the median value, the mean
value did not significantly discriminate HF stages, which
was in agreement with the finding of Hu et al. (22). This
is presumably because the robustness of the median value
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Figure 2 Boxplot of median (A), 75th percentile (B), 90th percentile (C), inhomogeneity (D) and entropy (E) values with HF ranging from F0
to F4. HF, hepatic fibrosis.

calculation was easily affected by outlier pixels at the
boundaries of the liver or noise.
Our study revealed that the inhomogeneity parameter of
the R2* map had a higher correlation and diagnostic value,
indicating inhomogeneity may be a potential biomarker
reflecting increased heterogeneity for staging HF, which
was consistent with the conclusion of Kim et al. (23). Their
study suggested that the coefficient of variation from GdEOB-DTPA-enhanced MRI hepatobiliary phase was a
meaningful parameter in predicting the fibrosis grade.
Similarly, Yang et al. (13) reported that variance from SWI
in advanced HF was greater than normal hepatic tissue or
early HF, and it proved to be valuable in predicting the
severity of HF. Increased deoxyhemoglobin with more
nonhomogeneous iron deposition, disrupted architecture
with narrowed sinusoids, more stenosis and edema, and
increased extracellular collagen deposition (1,24) contribute
to increased grayscale heterogeneity and consequent
changes in the inhomogeneity parameter.
In our study, no significant correlation with HF
progression was found for skewness, which agrees with
the study of Sheng et al. (25). This indicates that the
distribution of the R2* grayscale intensity is less skewed
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for liver parenchyma and therefore was insufficient at
detecting HF. In previous studies, Yoon et al. (26) and
Cannella (27) demonstrated that kurtosis, the measurement
of peakedness, was a good discriminative feature for
differentiating cirrhosis from normal liver tissue and
predicting liver function, which was contrary to our study
conclusion. Different ROI selection methods may account
for this result. ROI was only drawn within one slice in
their study, the selection of a regional region may be
subjective and easily result in sampling bias. But, in our
study, ROIs were drawn based on the whole liver. This
method may be more reliable and increase the stability of
parameter measurements. The entropy feature identifies
the randomness and complexity in the HA of R2* value of
the whole-liver, and a higher entropy value corresponds to
more irregular oxygenated hemoglobin or iron deposition
existing throughout the entirety of the liver parenchyma.
Both Fujimoto et al. (28) and Yu et al. (29) found that the
demonstrated that entropy metric increased with increasing
HF stage, and accurate in detecting HF, which was similar
to our study conclusion.
There are several limitations to our study. First, the
pathological results of liver were heterogeneous due to fat
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Table 3 ROC analysis of histogram analysis for staging HF
Parameters

F0 vs. F1-F4 (≥ F1)

F0-1 vs. F2-F4 (≥ F2)

F0-2 vs. F3-F4 (≥ F3)

F0-3 vs. F4 (≥ F4)

AUC (95% CI)

0.65 (0.54–0.75)

0.62 (0.50–0.72)

0.60 (0.48–0.70)

0.61 (0.50–0.72)

Cut-off value

80.87

65.05

65.05

81.60

Sensitivity (95% CI)

40.91 (29.0–53.7)

88.05 (75.7–95.5)

93.75 (79.9–99.2)

53.33 (26.6–78.7)

Specificity (95% CI)

88.89 (65.3–98.6)

35.34 (19.7–53.5)

30.77 (18.7–45.1)

71.01 (58.8–81.3)

0.30

0.23

0.25

0.24

AUC (95% CI)

0.86 (0.77–0.93)

0.87 (0.78–0.93)

0.87 (0.78–0.93)

0.86 (0.77–0.93)

Cut-off value

93.22

99.48

103.17

107.14

Sensitivity (95% CI)

77.27 (65.3–86.7)

60.03 (45.2–73.6)

62.50 (43.7–78.9)

73.33 (44.9–92.2)

Specificity (95% CI)

88.89 (65.3–98.6)

100.0 (89.7–100.0)

96.15 (86.8–99.5)

89.86 (80.2–95.8)

0.66

0.60

0.59

0.63

AUC (95% CI)

0.88 (0.79–0.94)

0.87 (0.78–0.93)

0.80 (0.70–0.88)

0.82 (0.73–0.90)

Cut-off value

99.11

101.90

100.28

116.25

Sensitivity (95% CI)

86.36 (75.7–93.6)

90.00 (78.2–96.7)

100.00 (89.1–100.0)

80.00 (51.9–95.7)

Specificity (95% CI)

94.44 (72.7–99.9)

70.59 (52.5–84.9)

51.92 (37.6–66.0)

69.57 (57.3–80.1)

0.81

0.61

0.52

0.50

AUC (95% CI)

0.83 (0.73–0.90)

0.83 (0.74–0.91)

0.83 (0.73–0.90)

0.82 (0.72–0.90)

Cut-off value

0.27

0.31

0.38

0.40

Sensitivity (95% CI)

90.91 (81.3–96.6)

86.00 (73.3–94.2)

71.87 (53.3–86.3)

80.00 (51.9–95.7)

Specificity (95% CI)

66.67 (41.0–86.7)

67.65 (49.5–82.6)

86.54 (74.2–94.4)

78.26 (66.7–87.3)

0.58

0.54

0.58

0.58

AUC (95% CI)

0.65 (0.54–0.75)

0.65 (0.54–0.75)

0.70 (0.58–0.79)

0.71 (0.60–0.80)

Cut-off value

3.85

3.47

3.47

3.99

Sensitivity (95% CI)

21.21 (12.1–33.0)

74.00 (59.7–85.4)

81.25 (63.6–92.8)

40.00 (16.3–67.7)

Specificity (95% CI)

100.00 (81.5–100.0)

52.94 (35.1–70.2)

48.08 (34.0–62.4)

98.55 (92.2–100.0)

0.21

0.27

0.29

0.39

Median

Youden Index
th

75

Youden Index
th

90

Youden Index
Inhomogeneity

Youden index
Entropy

Youden index

HF, hepatic fibrosis; ROC, receiver operating characteristic; AUC, area under ROC curve.

and iron deposition, necrotic inflammation and steatosis
(30-32). These pathological process were the main
heterogeneity factors associated with the inhomogeneity
result, but they cannot be measured with common Masson’s
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trichrome staining. Therefore, further studies are required
to confirm the robustness of BOLD-fMRI in differentiating
fibrosis stages, with corrections performed for iron and fat
deposition, inflammation. Second, CCl 4-induced rabbit
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Figure 3 Receiver operating characteristic curves analyzing the ability of median, 75th percentile, 90th percentile, inhomogeneity and entropy
in identifying HF stage ≥ F1 (A), ≥ F2 (B), ≥ F3 (C) and ≥ F4 (D), respectively. HF, hepatic fibrosis.

model may not precisely present the pathological results in
the human liver; thus, subsequent researches in the human
setting were needed to prove the conclusions of our study.

Science Foundation of China (81771798; 81771805;
81901696), Youth Project of Changzhou City Health
Commission (QN2020022) and Jiangsu Key Research and
Development Project (EB2018646).

Conclusions
Whole-liver HA of BOLD-fMRI can objectively assess
the grayscale heterogeneity of the entire liver. It provides
higher diagnostic value in diagnosing HF stages, supporting
its application as a promising noninvasive tool of HF in the
future.
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