
Abstract. Aim: To investigate whether liver fibrosis can be
predicted by quantifying the deformity of the liver obtained
based on computed tomographic (CT) images scanned under
respiratory control. Materials and Methods: For dynamic CT
of 47 patients, portal venous and equilibrium phases were
scanned during inspiration and expiration, respectively. After
rigid registration of the two images, non-rigid registration of
the liver was performed, and the amount and direction of each
voxel’s shift during non-rigid registration was defined as the
deformation vector. The correlation of each CT parameter for
the obtained deformation vectors with the pathologically-
proven degree of liver fibrosis was assessed using Spearman’s
rank correlation test. Receiver operating characteristic curve
analysis was conducted for prediction of liver fibrosis. Results:
The standard deviation, coefficient of variance (CV) and
skewness were significantly negatively correlated with the
degree of liver fibrosis (p=0.030, 0.009 and 0.037,
respectively). Of these measures, CV was best correlated and
significantly decreased as liver fibrosis progressed
(rho=−0.376). CV showed accuracies of 66.0-70.2%, and the

areas under curves were 0.654-0.727 for prediction of fibrosis
of grade F1 or greater, F2 or greater, F3 or greater and F4
fibrosis. Conclusion: The deformation vector is a potential CT
parameter for evaluating liver fibrosis.

Liver fibrosis is a factor suggesting the degree of liver injury
and is often considered when determining the indication for
antiviral therapy (1-3). Without proper management, the
progression of liver fibrosis consequently leads to cirrhosis,
which increases morbidity and mortality caused by the
development of hepatocellular carcinoma, as well as portal
hypertension and hepatic insufficiency (4). To date, liver
fibrosis has mostly been assessed by liver biopsy. However,
biopsy carries an inherent risk of complications such as
hemorrhage and infection. In addition, both the frequency of
diagnostic disagreement among pathologists and the
possibility of sampling error introduce serious uncertainty to
liver biopsy results. For all these reasons, it would be of
great clinical value if the histology of the liver parenchyma
could be determined using an objective and non-invasive
imaging modality. 

Several methods to predict liver fibrosis according to
changes in morphology, texture and perfusion have been
reported on ultrasound (US), computed tomography (CT)
and magnetic resonance imaging (MRI) (5-8). When limited
to MRI, diffusion-weighted imaging and gadoxetic acid-
enhanced MRI also have the potential to predict liver
fibrosis (9, 10). ‘Stiffness’ is a surrogate marker for liver
fibrosis. On US and MRI, stiffness is predicted with
elastography, which enables the non-invasive measurement
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of tissue mechanical properties through observation of
shear-wave propagation in the tissue of interest (11). MR
elastography is particularly considered to have the highest
diagnostic performance for staging liver fibrosis (5).
Although elastography is a useful tool for predicting liver
fibrosis, no similar analytical method based on stiffness
exists for CT. However, the liver parenchyma has been
shown to be pushed in inferior and anterior directions by the
lower lung lobes (12) and to change shape between
expiration and inspiration (13). We hypothesized that the
degree of these changes might serve as an indicator of
stiffness, and ultimately as an indicator of liver fibrosis, if
such a deformity could be quantified. 

In this study, we investigated whether liver fibrosis can be
predicted by quantifying the deformity of the liver obtained
based on CT images scanned under respiratory control, that
is, scanned during inspiration and expiration.

Materials and Methods
Patients. This study was approved by the Institutional Review Board
of our hospital (no. 30-180). The requirements for informed consent
were waived for this retrospective study. Referring to the medical data
recorded at our hospital, 124 and 107 patients underwent dynamic CT
for the liver with respiratory control, and hepatic resection for liver
tumor or liver transplantation between May 2017 and March 2018,
respectively. We enrolled 82 patients who underwent both dynamic CT
for the liver with respiratory control and hepatic resection for liver
tumor or liver transplantation. Of these, one radiologist with 24 years
of experience, who was unaware of the pathological results, excluded
patients with presence of perihepatic ascites (n=11), poor respiratory
control during CT scanning (n=7), or with history of lower lobectomy
of the lung (n=2) or right lobectomy of the liver (n=1). We considered
that ascites would disturb the external force by inspiration to the liver.
Poor respiratory control was defined as less than 2 cm difference in
height of the top of the diaphragm between inspiration and expiration.
We also considered that in patients with history of major resection of
the liver and the lung, such as lobectomy, the external force by
inspiration would not be sufficiently transmitted to the liver.
Furthermore, 14 patients were excluded due to inaccurate contour
extraction of the liver in the process of image analysis described
below. Inaccurate contour extraction of the liver suggested that the
contour of the liver could not be accurately recognized during the
image analysis and that the degree of the liver deformity would not be
accurately evaluated. Consequently, the remaining 47 patients included
33 men and 14 women (age range=39-85 years; mean age=67 years).
The underlying liver disease was hepatitis B viral infection in seven
cases, hepatitis C viral infection in 15, alcoholic liver disease in four,
non-alcoholic steatohepatitis in three, autoimmune hepatitis in one
case, unknown etiology in five, and no apparent cause in 12 cases. The
grading of liver dysfunction was pre-operatively evaluated based on
the Child-Pugh classification. Thirty-seven, eight, and two patients
were categorized into grade A, B, and C, respectively. The liver tumors
resected were hepatocellular carcinoma in 31 cases, intrahepatic
cholangiocellular carcinoma in three, liver metastasis in four, focal
nodular hyperplasia in one case and epithelioid hemangioendothelioma
in one case; seven cases had no tumor. The range of tumor size was
10 to 85 mm.

CT imaging. CT examination and surgery were performed within 1
month for all patients, and no patient underwent treatment during
that period. Preoperative CT examinations were performed with a
320-slice multidetector-row CT scanner (Aquilion ONE; Toshiba
Medical Systems, Nasu, Japan) with a gantry rotation time of 0.5 s.
Intravenous nonionic contrast material (1.62 ml/kg; max 100 ml)
containing 370 mg iodine/ml (Iopamidol, Iopamiron 370; Bayer
Schering Pharma, Osaka, Japan) was injected over a 30-s period by
means of an automated power injector. The scan parameters were
as follows: Section collimation, 0.5 mm; helical pitch, 0.813; field-
of-view, 320 mm; matrix, 512; auto mA; and 120 kVp. The section
thickness was 1.0 mm. The bolus tracking technique was used to
determine the timing of the dynamic study; two continuous hepatic
arterial phases were obtained during a single breath-hold 15 s after
a 100-HU elevation of density in the descending aorta. The portal
venous and equilibrium phases were acquired at 60 and 240 s,
respectively, after the initiation of contrast material injection. Pre-
contrast, hepatic arterial and portal venous phases were scanned
during inspiration, while the equilibrium phase was acquired during
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Figure 1. Details of image analysis. Image analysis had three stages as
described below. Axial, sagittal and coronal images at each step are
shown. A: Contour extraction of the liver using computed tomographic
(CT) images scanned during inspiration and expiration. Based on CT
values of air, the human body was recognized. Next, a CT slice showing
the top of the liver was predicted by counting voxels suggestive of air in
the body. Lastly, according to the CT values themselves and difference in
CT values between adjacent voxels, the liver was extracted. A data analyst
evaluated the accuracy of contour extraction. B: Rigid registration of CT
images scanned during inspiration and expiration. Firstly, the spinal
contours of the CT images scanned during inspiration and expiration were
matched. Conversion parameters for rigid registration (only parallel shift
and rotation) were applied to CT images scanned during expiration.
Coincidence of the extracted liver after rigid registration with the liver
extracted from CT images scanned during inspiration was calculated.
Conversion parameters for rigid registration were repeatedly updated so
that coincidence was maximized. Finally, the CT images scanned during
expiration after optimal rigid registration were obtained. However, the
livers extracted from the CT images scanned during inspiration and
expiration still showed a morphological difference. C: Non-rigid
registration of CT images scanned during inspiration and expiration and
generation of deformation vector field. The non-rigid registration was
performed based on B-spline and diffeomorphic conversion models.
Conversion parameters for non-rigid registration were applied to the CT
images scanned during expiration after optimal rigid registration.
Coincidence of the extracted liver after non-rigid registration with the liver
extracted from CT images scanned during inspiration was calculated.
Conversion parameters for non-rigid registration were repeatedly updated
so that coincidence was maximized. Finally, the CT images scanned during
expiration with optimal non-rigid registration were obtained. The livers
extracted from the CT images scanned during inspiration and expiration
showed a morphological coincidence with high precision at this stage. The
amount and direction of shift for each voxel during the non-rigid
registration was defined as a deformation vector; that is, a shift of each
voxel between the CT images scanned during expiration after optimal rigid
registration and the CT images scanned during expiration after optimal
non-rigid registration. A deformation vector field, comprising deformation
vectors for all voxels, was generated. Here, deformation vectors were
simply described at intervals of 1.5 cm.
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expiration. The equilibrium phase during expiration was
systematically acquired as a part of the hepatic CT protocol.
Image analysis. The 3D volume data of the portal venous phase
scanned during inspiration and the equilibrium phase scanned
during expiration were utilized for image analysis. The analysis was
performed on an offline personal computer with original software
developed and programmed for this analysis. Firstly, contour
extraction of the liver was performed using CT images scanned
during inspiration and expiration. One data analyst, who was
unaware of the pathological results, evaluated the accuracy of
contour extraction. Secondly, the rigid registration (only parallel
shift and rotation) of the liver between CT images scanned during
inspiration and expiration was performed. However, the livers
extracted from the CT images scanned during inspiration and
expiration still showed a morphological difference at this stage.
Subsequently, non-rigid registration of the liver between the CT
images scanned during inspiration and expiration was performed
based on B-spline and diffeomorphic conversion models (14). The
maximal coincidence in morphology of the livers extracted from the
CT images scanned during inspiration and expiration was obtained
in the last stage. The amount and direction of shift of each voxel
during this non-rigid registration was defined as a deformation
vector. A deformation vector field, comprising deformation vectors
for all voxels, was generated. Details of image analysis are
summarized in Figure 1.

Several feature values in relation to these deformation vectors
originating from all voxels (potential CT parameters as indicators
of stiffness) were obtained for analysis. These feature values (CT
parameters) included mean length, standard deviation (SD),
coefficient of variance (CV=SD/mean length), kurtosis, skewness,
95th percentile value, 90th percentile value and 80th percentile
value of deformation vectors, and were automatically measured
with the original software. The 95th, 90th and 80th percentile
values represent the point at which 95, 90 and 80% of the
deformation vector length for all voxels are found to the left in the
histogram.

Pathological analysis. One pathologist with 12 years of experience,
who was unaware of the imaging data, reviewed the hematoxylin-
eosin-stained glass slides for each patient and referred to the official
pathological report to determine the histological findings of the liver
parenchyma. The degree of liver fibrosis was classified into five
groups according to the New Inuyama Classification (15): F0: no
fibrosis, F1: fibrous portal expansion, F2: bridging fibrosis, F3:
bridging fibrosis with architectural distortion, and F4: liver
cirrhosis. Similarly, the grade of necro-inflammatory activity was
scored as A0: none, A1: mild, A2: moderate, and A3: severe.

Statistical analysis. The correlations of the potential CT parameters as
indicators of stiffness with the degree of liver fibrosis and the grade
of necro-inflammatory activity were assessed using Spearman’s rank
correlation test, and a correlation coefficient (rho) was obtained. 

For each CT parameter with the significant and highest
correlation coefficient for the degree of liver fibrosis or the grade
of necro-inflammatory activity, we also evaluated its ability to
predict the histological findings of the liver parenchyma. Receiver
operating characteristic (ROC) curve analysis was conducted for
prediction of F1 or greater, F2 or greater, F3 or greater and F4
fibrosis; or for the prediction of A1 or greater, A2 or greater and A3
necro-inflammation. The feasible cut-off point of the CT parameter
was determined using the point on the curve closest to the 0,1 point
(10). The sensitivity was defined as the percentage of positive cases
for which each CT parameter was at or smaller than the given
threshold level, while the specificity was defined as the percentage
of negative cases for which each CT parameter was greater than the
given threshold level. The positive predictive value, negative
predictive value, and accuracy were also calculated. 

Discriminant analysis was also performed using all CT parameters
that were significantly correlated with the degree of liver fibrosis or
the grade of necro-inflammatory activity. This discriminant analysis
was conducted for prediction of F1 or greater, F2 or greater, F3 or
greater and F4 fibrosis; and for prediction of A1 or greater, A2 or
greater and A3 necro-inflammation. Correlation ratios and Wilks’
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Table I. Correlation coefficients (Spearman’s rho) between each
computed tomographic (CT) parameter and the degree of liver fibrosis
or grade of necro-inflammation.

                                                     Fibrosis                 Necro-inflammation

CT parameter                       Rho           p-Value          Rho            p-Value

Mean length                      −0.101           0.50           −0.092            0.54
SD                                      −0.317           0.030         −0.209            0.16
CV                                     −0.376           0.009         −0.262           0.075
Kurtosis                             −0.254           0.085         −0.228            0.12
Skewness                           −0.306           0.037         −0.243            0.10
95th Percentile value        −0.206           0.16           −0.138            0.36
90th Percentile value        −0.136           0.36           −0.086            0.57
80th Percentile value        −0.098           0.51           −0.079            0.60

SD: Standard deviation; CV: coefficient of variance (=SD/mean length).
The 95th, 90th and 80th percentile values represent the point at which
95, 90 and 80% of the deformation vector length for all voxels are
found to the left in the histogram. 

Figure 2. Correlation of coefficient of variance (CV) with the degree of
liver fibrosis. CV significantly decreased as liver fibrosis progressed
(rho=−0.376) (p=0.009). The average CV values for F0, F1, F2, F3
and F4 were 0.52±0.07, 0.52±0.04, 0.50±0.10, 0.49±0.06 and
0.45±0.05, respectively.



lambda were measured, and sensitivity, specificity, accuracy, positive
predictive value, and negative predictive value were calculated.

For all tests, p-values of less than 0.05 were taken to indicate
statistically significant differences. 

Results
The results of pathological analysis for the liver parenchyma
were as follows: F0: n=11, F1: n=5, F2: n=11, F3: n=6, F4:
n=14, and A0: n=4, A1: n=25, A2: n=18, A3: n=0. Table I
shows the correlation coefficients between each CT parameter
and the degree of liver fibrosis or the grade of necro-
inflammatory activity. The SD, CV and skewness were
significantly negatively correlated with the degree of liver
fibrosis. Of them, CV was best correlated with the degree of
liver fibrosis and significantly decreased as liver fibrosis
progressed (rho=−0.376) (Figure 2). The average CV values of
F0, F1, F2, F3 and F4 cases were 0.52±0.07, 0.52±0.04,
0.50±0.10, 0.49±0.06 and 0.45±0.05, respectively. On the other
hand, no significant correlation was obtained between any CT
parameter and the grade of necro-inflammatory activity. 

The results of ROC analyses for prediction of the degree
of liver fibrosis for CV are summarized in Table II. CV
showed an accuracy of 66.0 to 70.2%, and the areas under
curves were 0.654 to 0.727 for prediction of F1 or greater,
F2 or greater, F3 or greater and F4 fibrosis. 

The results of discriminant analyses using SD, CV and
skewness for prediction of the degree of liver fibrosis are
summarized in Table III. A combination of SD, CV and
skewness showed an accuracy of 66.0 to 72.3% for prediction
of F1 or greater, F2 or greater, F3 or greater and F4 fibrosis.

Representative cases are shown in Figures 3 and 4. 

Discussion

In this study, the SD, CV and skewness of the deformation
vectors were correlated with the degree of liver fibrosis and
significantly decreased as liver fibrosis progressed. When an

external force is given to any structure, the corresponding area
is supposed to be generally deformed. Differences in the lengths
of deformation vectors between deformed and undeformed
areas would increase in a soft liver with less fibrosis compared
to a stiffer liver with more fibrosis. Indeed, the CV of the
deformation vector was found to be best correlated with the
degree of liver fibrosis and showed fairly high diagnostic ability
for liver fibrosis (accuracy: 66-70.2%). Because CV is a
standardized parameter that does not depend on a patient’s liver
size, this result seems reasonable. By contrast, the mean length,
and 95th, 90th and 80th percentile values of the deformation
vector were not significantly correlated with the degree of liver
fibrosis. These parameters are absolute values affected by a
person’s liver size. Thus, the CV of the deformation vector may
be an appropriate and convenient parameter to indicate stiffness
and evaluate liver fibrosis. 

Watanabe et al. developed MR elastography with cine-
tagging and bending energy analysis. That study also utilized
deformity of the liver during respiration. They concluded that
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Table II. Diagnostic performance of coefficient of variance (CV) for prediction of the degree of liver fibrosis using receiver operating curve analysis.

                                                                                                                                   Prediction of

Parameter                                        ≥F1                                               ≥F2                                                ≥F3                                                    F4

AUC                                   0.654 (0.475-0.833)                     0.690 (0.536-0.843)                      0.689 (0.538-0.840)                        0.727 (0.581-0.873)
CV cutoff                                 0.502 or less                                 0.493 or less                                  0.493 or less                                    0.476 or less
Sensitivity (%)                      66.7 (50.3-79.8)                           67.7 (50.1-81.4)                            75.0 (53.1-88.8)                              78.6 (52.4-92.4)
Specificity (%)                     63.6 (35.4-84.8)                           68.8 (44.4-85.8)                            63.0 (40.7-75.5)                              66.7 (49.6-80.3)
Accuracy (%)                                 66.0                                               68.1                                                68.1                                                  70.2
PPV (%)                                          85.7                                               80.8                                                60.0                                                  50.0
NPV (%)                                         36.8                                               52.4                                                77.3                                                  88.0

AUC: Area under the receiver operating characteristics curve; CV: standard deviation/mean length; PPV: positive predictive value; NPV: negative
predictive value. Numbers in parentheses represent the 95% confidence interval.

Table III. Diagnostic performance of standard deviation (SD),
coefficient of variance (CV) and skewness for prediction of the degree
of liver fibrosis using a discriminant analysis.

                                                                 Prediction of

Parameter                         ≥F1               ≥F2                ≥F3                 F4

Correlation ratio             0.214            0.190             0.160              0.156
Wilks’ lambda                0.786            0.810             0.840              0.846
p-Value                           0.015            0.027             0.056              0.063
Sensitivity (%)                75.0              77.4               80.0                85.7
Specificity (%)                63.6              56.3               55.6                60.6
Accuracy (%)                  72.3              70.2               66.0                68.1
PPV (%)                           87.1              77.4               57.1                48.0
NPV (%)                          43.8              56.3               78.9                90.9

CV: SD/mean length; PPV: positive predictive value; NPV: negative
predictive value.



assessment with a sagittal grid and bending-energy analysis
showed potential for discriminating patients with moderate or
advanced liver fibrosis from those with healthy liver or slight
fibrosis (13). This result is based on the fact that the
posterobasal segments of the lung most actively deflate and
shrink during forced exhalation and that such large motions
more directly affect the dorsal segments of the liver. However,
fibrosis is often unevenly distributed in the liver. Because the
deformation vectors from the entire liver are automatically
assessed in our method, it has the comparative advantage of
considering information from the whole liver. 

According to a previous meta-analysis, the pooled
sensitivity and specificity using MR elastography for the
diagnosis of F2 or greater, F3 or greater and F4 were 92.8%
and 93.7%, 89.6% and 93.2%, 89.5% and 92.0%,
respectively. In contrast, the corresponding pooled sensitivity
and specificity using Fibroscan (US elastography) were
71.6% and 81.6%, 79.0% and 84.6%, 80.0% and 86.6%,
respectively (16). In both methods, liver stiffness is
estimated based on the measurement of shear-wave velocity.
Unfortunately, the diagnostic performance of our method
with CT may be inferior to those of MR and US
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Figure 3. Non-rigid registration of computed tomographic (CT) imaging of a 70-year-old man with a liver metastasis. The Child-Pugh classification was
grade A. A: Deformation vector field. Deformation vectors were simply described at intervals of 1.5 cm. Color represents the direction of the deformation
vector. Red, Shift to the cranial direction; Blue, shift to the caudal direction. Standard deviation=3.334; coefficient of variance=0.638; skewness=3.582.
B: Hematoxylin-eosin staining (magnification, ×20). The degree of liver fibrosis was F0, while the grade of necro-inflammatory activity was A1. 

Figure 4. Non-rigid registration of computed tomographic (CT) imaging of a 39-year-old man with alcoholic liver disease. The Child-Pugh
classification was grade B. A: Deformation vector field. Deformation vectors were simply described at intervals of 1.5 cm. Color represents the
direction of the deformation vectors. Red, shift to the cranial direction; Blue, shift to the caudal direction. Standard deviation=1.972; coefficient of
variance=0.357; skewness=0.488. B: Hematoxylin-eosin staining (magnification, ×20). The degree of liver fibrosis was F4, while the grade of
necro-inflammatory activity was A2.



elastography in spite of our use of a discriminant analysis
using SD, CV and skewness that did not show significant
improvement in diagnostic accuracy compared with use of
CV only. The reason why a discriminant analysis did not
improve the diagnostic performance is possibly due to the
fact that SD, CV and skewness are all factors related to
heterogeneity in length of deformation vectors. Although in
practice its use alone may be limited at present, the
deformation vector is a potential CT parameter for evaluating
liver fibrosis. Naganawa et al. recently reported that CT
texture analysis effectively predicted non-alcoholic
steatohepatitis (17). A combination of deformation vectors
and texture analysis for liver parenchyma may enhance the
diagnostic performance of our method for the prediction of
liver fibrosis. 

Our study had several limitations. The first was the
difference in the degree of inspiration as an external force
among patients. It was extremely difficult to obtain similar
external force for each patient’s liver only with breathing
instructions. We did exclude patients who had especially
poor respiratory control, that is, less than 2 cm difference in
the height of the top of the diaphragm between inspiration
and expiration. Secondly, the proportion of patients suitable
for this evaluation method may be limited. It would be
difficult to assess patients with history of major liver or lung
resection, such as lobectomy, because the external force from
inspiration may not be sufficiently transmitted to the liver.
We excluded such patients from this study. Thirdly, accurate
contour extraction of the liver was incomplete in some cases,
especially for the equilibrium phase. This limitation would
be improved by using late arterial-phase images instead of
equilibrium-phase images. Fourthly, because the tumors were
recognized as a part of the liver parenchyma, they might
affect the values of the potential CT parameters. It was
difficult to exclude tumorous lesions specifically for the
image analysis.

In conclusion, the deformation vector is a potential CT
parameter for evaluating liver fibrosis. 
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