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Abstract

Purpose: To develop a multi-parametric CT algorithm to stage liver fibrosis in patients with 

chronic hepatitis C virus (HCV) infection.

Methods: Abdominal CT and laboratory measures in 469 HCV patients (mean age, 50.1 years; 

340M/129F) was compared against the histopathologic METAVIR fibrosis reference standard 

(F0=49, F1=69, F2=102, F3=76, F4=173). From the initial candidate pool, nine CT and two 

laboratory measures were included in the final assessment (CT-based features: hepatosplenic 

volumetrics, texture features, liver surface nodularity (LSN) score, and linear CT measurements; 

lab-based measures: FIB-4 and APRI). Univariate and multivariate logistic regression was 

performed, with ROC analysis, proportional odds modeling, and probabilities.

Results: ROC-AUC values for the model combining all 11 parameters for discriminating 

significant fibrosis (≥F2), advanced fibrosis (≥F3), and cirrhosis were 0.928, 0.956, and 0.972, 

respectively; for all 9 CT-based parameters, these values were 0.905, 0.936, and 0.972, 

respectively. Using more simplified panels of 2-4 parameters yielded good diagnostic 

performance; for example, a two-parameter model combining only LSN score with FIB-4 had 

ROC-AUC values of 0.886, 0.915, and 0.932, for significant fibrosis, advanced fibrosis, and 

cirrhosis, respectively. LSN score performed best in univariate analysis.

Conclusion: Multi-parametric CT assessment of HCV-related liver fibrosis further improves 

performance over individual parameters. An abbreviated panel of LSN+FIB-4 approached the 

diagnostic performance of more exhaustive panels. Results compare favorably with elastography, 

but this assessment has the advantage of retrospective assessment without planning using pre-

existing data.
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Introduction

Chronic infection with the hepatitis C virus (HCV) can be considered a global health 

epidemic, as it affects nearly 200 million people worldwide.1 Progressive hepatic fibrosis 

leading to cirrhosis may be seen in up to 15–35% of individuals with chronic HCV infection 

after 25–30 years. Treatment regimens combining newer direct-acting antivirals have 

resulted in sustained virologic response rates above 90%. However, the high cost of therapy 

has resulted in the need for accurate staging of hepatic fibrosis related to chronic HCV. 

Furthermore, even after cure of HCV infection with direct-acting antiviral therapy, the long 

term change in fibrosis is not clarified. This will require serial re-assessment in these 

patients to ensure that that there is lack of progression and even regression of advanced 

fibrosis.

Liver biopsy represents the gold standard for staging hepatic fibrosis. In particular, the 

METAVIR liver fibrosis scoring system was specifically developed for chronic HCV 

infection.2 Use of this metric has been linked to coverage for the newer effective yet 

expensive drug therapies. Liver biopsy, however, has a number of inherent drawbacks, 

including invasiveness, cost, and sampling error.3,4 Accordingly, there has been great interest 

in validating laboratory and radiologic techniques for noninvasively predicting the degree of 

liver fibrosis.4-6 Ultrasound and MR elastography, which estimate liver stiffness as a proxy 

for fibrosis, are currently in wide clinical use.7-16 While MR elastography represents a 

highly effective technique, dedicated equipment is needed that requires prospectively 

planning, and a number of confounders exist, including ascites, iron overload, and high 

BMI.17 As such, the overall technical failure rate may exceed 5% even in expert centers,15 

and may increase to over 15% on 3.0 T MR units.17

Abdominal CT is a commonly performed imaging study and is often available for review in 

patients with chronic liver disease, even if performed for another clinical indication. A 

number of individual CT-based biomarkers in various mixed and disease-specific patient 

cohorts have been recently investigated for their ability to estimate liver fibrosis, including 

measurement of hepatosplenic volumetry,18,19 liver surface nodularity,20,21 and liver texture 

analysis.22 One advantage of this opportunistic CT approach is the ability to retrospective 

derive the measurements, with the potential for reducing costs, resource utilization, and 

avoid the need for prospective planning.

The purpose of this study was to determine if a multi-parametric approach combining 

various noninvasive CT (and lab) measures can further improve the diagnostic performance 

for predicting underlying liver fibrosis in patients with chronic HCV infection.

Material and Methods

This single institution retrospective cohort study was HIPAA-compliant and approved by our 

Health Sciences IRB; the need for additional signed informed consent was waived.
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Patient Population

The primary inclusion criteria for eligibility in this study were: 1) HCV positivity via 

antibody testing (ELISA), which was confirmed with serum HCV RNA PCR, 2) abdominal 

CT available for review within our PACS system, and 3) liver biopsy within one year of CT 

(except for cirrhosis exception as described below).

Biopsy was required for all HCV patients in METAVIR F0, F1, F2 and F3 categories, 

corresponding to no fibrosis (F0), early fibrosis (F1), intermediate fibrosis (F2), and 

advanced fibrosis (F3).2 Although biopsy was performed in many F4 (cirrhosis) cases, an 

exception was deemed necessary for some patients where biopsy was considered to be 

unnecessary and contraindicated by our hepatologists. These cirrhotic patients without liver 

biopsy were only included if there were multiple indicators of cirrhosis (chronic end-stage 

liver disease with or without complications of portal hypertension). Clinical indicators 

included thrombocytopenia, ascites, and varices, in addition to clear-cut imaging features. In 

practice, these patients can be confidently diagnosed with cirrhosis based on these 

parameters without biopsy. This approach has precedent in previous publications.19-22

The final patient cohort satisfying the above inclusion criteria consisted of 469 adults (mean 

age, 50.1 years; 340M, 129F). The METAVIR fibrosis score was F0 in 49 patients, F1 in 69 

patients, F2 in 102 patients, F3 in 76 patients, and F4 in 173 patients (86 of these F4 patients 

underwent liver biopsy)

MDCT Technique

All CT scans were acquired on 16 or 64-detector-row scanners (GE Healthcare). Specific CT 

protocols were somewhat variable but we focused on the portal venous phase series 

performed at 120 kVp for this study; mA settings varied based on patient size and specific 

study indication. Images were reconstructed using a 5-mm slice thickness at 3-mm intervals 

using standard filtered back-projection reconstruction with soft tissue algorithm.

CT-based Parameters for Assessing Liver Fibrosis

Prior research informed and substantially limited the choice of included CT parameters, 

reducing the concern for type-1 multiple-testing error. For example, we chose to only 

include three texture features and three volumetric measures, in addition to the liver surface 

nodularity (LSN) score and two simple linear measures. The detailed methodology for some 

of these measures has been described in previous works,18-23 but all measures are briefly 

outlined below and most are demonstrated in Figure 1.

Hepatic and splenic volumetric assessment was performed using a dedicated CT software 

tool (Liver Analysis application, Philips IntelliSpace Portal), which provides for automated 

segmentation of the liver and spleen. After initial automated segmentation, organ margins 

were verified and adjusted if needed with digital brush and eraser tools. Total organ volumes 

of the liver and spleen were then recorded. Subsequently, Couinaud segments I-III (caudate 

and left lateral lobe) were isolated from segments IV-VIII. This allows for derivation of the 

liver segmental volume ratio (LSVR), which has been previously defined as the volume ratio 

of Couinaud segments I-III to segments IV-VIII.18,19
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CT texture analysis (CTTA) of the liver utilized a commercially available research software 

platform (TexRAD Ltd, part of Feedback Plc, Cambridge, UK). Using the software, a region 

of interest (ROI) was drawn around the liver surface at the level of the porta hepatis, 

excluding the major hilar vessels (Figure 1). Additional sub-ROIs were drawn 

approximating Couinaud segments I-III and IV-VIII at this level. Quantification using 

histogram-based statistical analysis at varying filtration levels (none, fine, medium, and 

coarse) included various parameters, such as mean gray level intensity (mean), standard 

deviation (SD), entropy (irregularity), mean of the positive pixels (MPP), skewness 

(asymmetry), and kurtosis (peakedness). Based on analysis of prior CTTA results,22 we 

chose to include only three texture parameters from the IV-VIII sub-ROI for this study (all in 

portal venous phase): skewness (asymmetry) and kurtosis (peakedness), both with coarse 

filtration (ssf=6); and mean gray level intensity (mean) with fine filtration (ssf=2).

Liver surface nodularity (LSN) scores were obtained using a validated semi-automated 

research CT software tool, which is not yet commercially available.20,24,25 The user digitally 

“paints” an ROI along the liver surface, which the software automatically detects on the 

selected slice and adjacent contiguous slices (Figure 1). A series of ≥10 consecutive ROI 

measurements were made for each case, defaulting along the anterior left lateral liver, and 

totaling ≥80 cm in length. If the left anterolateral surface was not suitable for LSN scoring, 

the left medial or right hepatic liver surfaces were utilized. The tool calculates the distance 

between the detected liver edge and a smoothed polynomial line (spline) that is measured on 

a pixel-by-pixel basis, and final LSN score is derived.

Two additional linear CT-based measures were added. The periportal space (PPS) is defined 

by the distance between the anterior wall of the right portal vein and the posterior edge of 

the medial segment of the left lobe of the liver.26 This represents a simple measure of 

fissural widening that accompanies advanced fibrosis and cirrhosis. We also compared the 

ratio of the left to right portal vein diameters. Similar to the LSVR, this ratio was intended to 

exploit the regional changes in the liver as fibrosis progresses.

The CT-based measures were made by multiple co-authors, who ranged from 2-20+ years in 

CT research experience.

Lab-based Parameters for Assessing Liver Fibrosis

We included two well-established serum-based parameters: the APRI and FIB-4 tests were 

calculated for analysis.4,5 APRI incorporates liver enzymes (AST) and platelet levels, 

whereas FIB-4 uses liver enzymes (ALT), platelets, and patient age. Necessary laboratory 

data were collected, and were required to be within one year of liver biopsy (or CT if no 

biopsy). Data were available to compute the APRI and FIB-4 measures in 417 patients.

Statistical Analysis

All candidate CT-based and lab-based parameters described above were derived for each 

patient. Summary statistics (mean, standard deviation, median, and interquartile range) were 

reported for each parameter according to METAVIR stage of liver fibrosis. Kruskal-Wallis 

test was used to assess differences for each parameter amongst the discrete F0-F4 sub-

cohorts. For all univariate and multivariate performance analyses, emphasis was placed on 
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the clinically-relevant distinctions of significant hepatic fibrosis (≥F2), advanced hepatic 

fibrosis (≥F3), and cirrhosis (=F4). Receiver operating characteristic (ROC) curves were 

obtained for each candidate metric, and areas under the curve (AUC) were calculated, with a 

DeLong 95% confidence interval. Optimal thresholds were derived to optimize sensitivity 

and specificity at each fibrosis level. A p-value <0.05 (two-sided) was the criterion for 

statistical significance. R 3.2.2 (R Core Team 2014) was used for all statistical analyses.

For multivariate analysis, ROC curves were built using a wide variety of combinations 

ranging from all 11 parameters down to two parameters, based on complementary 

performance.

Multivariate logistic regression was employed to derive probabilities of being within a given 

dichotomized category (eg, ≥F3, advanced fibrosis). Logistic regression models the log odds 

of such an event occurring. Using algebraic techniques, a probability can be recovered from 

the model in the form of the following equation:

p = e
(β0 + β1 ∗ x1 + ⋯ + βm ∗ xm)

1 + e
(β0 + β1 ∗ x1 + ⋯ + βm ∗ xm)

The number of evaluable subjects for each parameter is shown in Table S1. Of note, 288 of 

the 469 patients in this study have been previously reported.21 This prior article dealt only 

with the liver surface nodularity CT parameter, whereas the current manuscript reports on a 

wide variety of parameters, and in a larger cohort.

Results

Univariate Analysis

Summary statistics according to fibrosis category for the eleven individual parameters (nine 

CT-based and two lab-based) are provided in Table 1 (mean and standard deviations) and 

Table S2 (median and IQR). All median values for each parameter significantly differed by 

fibrosis category (p<0.001) except for the LPV/RPV ratio (p=0.352).

Diagnostic univariate performance of each individual parameter for discriminating between 

stages of liver fibrosis is shown in Table S3, including ROC-AUC, sensitivity, and specificity 

values. LSN score showed the best univariate performance, and was the only individual 

parameter to exceed an AUC of 0.900 (0.920 for cirrhosis). Total liver volume and the 

LPV/RPV ratio were the only two variables not to exceed an AUC of 0.600 for any fibrosis 

level. Poor performance of total liver volume was expected based on prior research, but this 

parameter was included as a control of sorts. Most other parameters exceeded 0.800 for at 

least one fibrosis threshold.

Multivariate Analysis

Table 2 models the ROC-AUC performance for discriminating significant fibrosis (≥F2), 

advanced fibrosis (≥F3), and cirrhosis for a number of different combinations of parameters. 

When combining all 11 parameters (9 CT-based and 2 lab-based), ROC-AUC performance 
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for ≥F2, ≥F3, and ≥F4 (cirrhosis) was 0.928, 0.956, and 0.972, respectively. When the nine 

CT-based parameters are combined, the corresponding AUC values were 0.905, 0.936, and 

0.972, respectively (Figure 2).

As seen in Table 2, more simplified panels consisting of fewer parameters were associated 

with a modest decline in ROC-AUC values, but relatively good diagnostic performance was 

observed for some combinations. In particular, a two-parameter model combining only LSN 

score with FIB-4 showed good complementary performance, with ROC-AUC values of 

0.886, 0.915, and 0.932, for significant fibrosis (≥F2), advanced fibrosis (≥F2), and cirrhosis 

(≥F2), respectively (Figure 2). In general, the model was very good at discriminating 

advanced fibrosis (F3-F4) from mild (F1) or no (F0) fibrosis, with F2 values being more 

intermediate between these groups.. Corresponding probability equations were derived. For 

example, as shown in Figure 3, the probability for advanced fibrosis or cirrhosis (F3-F4) for 

the LSN + FIB-4 model was:

p = e( − 6.537 + 1.913 × LSN + 0.556 × FIB − 4)

1 + e( − 6.537 + 1.913 × LSN + 0.556 × FIB − 4)

Discussion

Given the revolutionary yet expensive new treatment options now available for chronic HCV, 

knowledge of the degree of underlying hepatic fibrosis is critical.1,4 An accurate and 

accessible method for noninvasive detection, staging, and monitoring of HCV-related 

fibrosis could have a major clinical impact, and could further reduce the need for liver 

biopsy.4,6,16 Obvious drawbacks of liver biopsy include its invasiveness and potential 

complications, as well as issues of high cost and sampling error. Ultrasound and MR 

elastography have been extensively studied and are validated for clinical use.16,27 However, 

these techniques measure liver stiffness as a proxy for fibrosis, and many confounders exist.
15,28 A number of other potentially useful noninvasive biomarkers based have been proposed 

and investigated, including both laboratory-based and imaging-based methods.29

Recent investigation into a number of intrinsic MDCT imaging biomarkers have shown good 

correlation with the degree of underlying liver fibrosis.18-22,29 Such CT features are 

attractive since they can be derived either prospectively or retrospectively in a planned or 

opportunistic fashion. Furthermore, because abdominal CT is so commonly performed,30 

there is potential for serial evaluation to look for interval changes.

For the current study, we now take a multi-parametric CT approach and restrict the 

investigation to only chronic HCV. We excluded many CT parameters prior to embarking on 

this combined investigation, primarily limiting the focus to the more promising features. We 

have shown that the diagnostic performance of multi-parametric CT compares favorably 

with elastography for staging liver fibrosis. In particular, the two-parameter model 

combining LSN score and FIB-4 showed excellent performance, balancing simplicity and 

clinical efficacy. As shown by others,5 we found that FIB-4 outperformed APRI, the other 

lab-based parameter in our study.
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The derivation of probability equations for determining fibrosis suggests a potential way 

forward in terms of actual clinical implementation. Automation of some of these CT 

parameters is another potential avenue for future investigation, which would reduce or 

eliminate the issue of inter-observer variability present in some measures. Finally, it should 

be noted that many of the CT features we employ could be translated to other cross-sectional 

imaging techniques, including MR.

We acknowledge limitations to our study. Liver biopsy for staging fibrosis is a fallible 

reference standard, with issues of inter-observer and sampling error. However, this remains 

the clinical reference standard for comparison. Direct comparison of our CT-based results 

with MR (or US) elastography would be of great value, but relatively few patients underwent 

elastography in addition to liver biopsy. Going forward, we anticipate more patients will 

undergo MR in lieu of biopsy. Our current results specifically apply to HCV and not other 

causes of chronic liver disease. However, fibrosis scoring is currently of most clinical 

relevance in HCV, and more investigational for other etiologies. Finally, this was a single-

center study, and multi-center confirmation of our results is warranted. Some multi-

institutional work is already underway.

In conclusion, combining key CT-based and lab-based biomarkers of liver fibrosis in a multi-

parametric manner further improves their excellent diagnostic performance. Our results for 

predicting fibrosis stage with CT compares favorably with published results for 

elastography. Abbreviated panel of 2-4 complementary measures approached the 

performance of more exhaustive panels, and the simple combination LSN score with FIB-4 

may provide an ideal balance of efficacy and ease. Unlike liver biopsy or elastography, these 

results can be derived retrospectively on routine abdominal CT scans, which may have been 

obtained for other indications. Furthermore, this approach could be considered for serial 

assessment of fibrosis in HCV patients given the unknown natural history of fibrosis even 

after direct-acting antiviral therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Depiction of CT-based parameters for assessing hepatic fibrosis in 51-year-old with 
HCV and biopsy-proven F3 fibrosis.
A. Transverse (axial) CT image in portal venous phase shows morphologic changes of 

advanced fibrosis, including relative enlargement of the left lateral segment, mild surface 

nodularity, fissural widening, and splenomegaly.

B. Transverse CT image for liver segmentation for texture analysis shows fine filtration 

(upper right), medium filtration (lower left), and coarse filtration (lower right). Only three 

texture variables were included in the multi-parametric analysis.

C. Same image from (A) shows cross-sectional representation of hepatosplenic volumetric 

analysis, including liver segmentation into Couinaud segments I-III (blue) and IV-VIII 

(green), and splenic segmentation (orange).

D. Same image from (A) now shows process for deriving the liver surface nodularity (LSN) 

score, which involves tracing along the left anterior liver surface with a broad stroke.

E. Magnified image at same level (including inset image with even more magnification) 

shows how the LSN tool compares the actual detected liver surface (in green) against a 

smoothed polynomial line (spline, in red). This is repeated at multiple levels and averaged to 

derive the final LSN score.

Note: The periportal space and left:right portal vein ratio are not depicted.
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Figure 2. ROC curves from the multi-parametric analysis for all CT input variables and for 
LSN/FIB-4 combination, according to significant fibrosis (≥F2), advanced fibrosis (≥F3), and 
cirrhosis (=F4).
Top Row: ROC curves for predicting fibrosis using all 9 CT parameters. AUC values for 

significant fibrosis, advanced fibrosis, and cirrhosis were 0.905, 0.936, and 0.972, 

respectively.

Bottom Row: ROC AUC values for the limited combination of LSN score and FIB-4 were 

0.886, 0.915, and 0.932, respectively. Only mild drop off in performance is seen, despite 

using only two complementary parameters (one CT value and one lab value).
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Figure 3. Example case using the simplified LSN score + FIB-4 model: 52-year-old man with 
biopsy proven F3 fibrosis from chronic HCV
A. CT image in portal venous phase shows LSN score in process. The final LSN score was 

2.79. FIB-4 in this patient was 8.15

B. The probability equation for having advanced fibrosis is shown. When plugging in the 

values for this patient, the probability is 1.0, indicating the patient almost certainly will have 

advanced fibrosis or cirrhosis. Boxplots of probabilities is shown for the entire cohort.
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Table 1.

Mean Values (SD) for CT and Lab Parameters according to Fibrosis Stage

CT (and Lab)
Parameters*

Pathologic Fibrosis Stage (METAVIR)

F0 F1 F2 F3 F4

LSVR 0.25 (0.08) 0.25 (0.10) 0.28 (0.10) 0.34 (0.12) 0.48 (0.24)

Liver Volume 1676 (359) 1670 (336) 1819 (401) 1974 (476) 1760 (632)

Splenic Volume 278 (138) 285 (134) 329 (187) 474 (375) 782 (451)

LSN Score 2.30 (0.25) 2.31 (0.32) 2.51 (0.46) 2.75 (0.57) 3.85 (1.00)

Periportal Space 6.08 (3.6) 6.41 (3.2) 7.52 (4.3) 7.71 (3.75) 10.13 (4.3)

LPV/RPV Ratio 0.89 (0.14) 0.91 (0.16) 0.91 (0.19) 0.90 (0.16) 0.96 (0.24)

Texture (MeanPV2) 0.14 (0.14) 0.28 (0.36) 0.30 (0.29) 0.38 (0.28) 0.89 (0.66)

Texture (SkewPV6) 1.55 (0.94) 1.88 (0.74) 1.73 (0.85) 1.68 (0.96) 1.31 (1.01)

Texture (KurtPV6) 1.55 (0.94) 5.17 (5.40) 4.81 (5.58) 5.60 (6.36) 1.82 (2.24)

APRI (Lab) 0.64 (0.6) 0.99 (1.9) 0.94 (1.3) 1.76 (3.5) 4.70 (10.1)

FIB-4 (Lab) 1.20 (0.8) 1.82 (2.2) 2.19 (2.1) 3.87 (6.23) 9.80 (12.6)

*
See text for details on parameter description
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Table 2.

ROC AUC Values for Multi-parametric Combinations

Parameter Combination*
METAVIR Fibrosis Threshold

Significant (≥F2) Advanced (≥F3) Cirrhosis (=F4)

All CT + Lab features (11) 0.928 0.956 0.972

All CT features (9) 0.905 0.936 0.972

FIB-4 + APRI (2) 0.843 0.866 0.899

LSN + LSVR + PPS + TexMeanPV2 (4) 0.886 0.923 0.966

LSN + LSVR + PPS (3) 0.879 0.912 0.954

LSN + Spleen + PPS (3) 0.856 0.897 0.938

LSN + Spleen + PPS + FIB-4 (4) 0.892 0.923 0.943

LSN + Spleen + FIB-4 (3) 0.885 0.921 0.940

LSN + Spleen (2) 0.833 0.894 0.937

LSN + FIB-4 (2) 0.886 0.915 0.932

LSN (1) 0.825 0.872 0.920

FIB-4 (1) 0.838 0.857 0.894

*
Number in parentheses refer to number of parameters for the given model
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