
World Journal of
Hepatology

ISSN 1948-5182 (online)

World J Hepatol  2021 April 27; 13(4): 393-521

Published by Baishideng Publishing Group Inc



WJH https://www.wjgnet.com I April 27, 2021 Volume 13 Issue 4

World Journal of 

HepatologyW J H
Contents Monthly Volume 13 Number 4 April 27, 2021

MINIREVIEWS

Pathologic and molecular features of hepatocellular carcinoma: An update393

Vij M, Calderaro J

Infantile giant cell hepatitis with autoimmune hemolytic anemia411

Poddighe D, Madiyeva A, Talipova D, Umirbekova B

Long-term albumin infusion in decompensated cirrhosis: A review of current literature 421

Wong YJ, Kumar R, Chua YJJ, Ang TL

ORIGINAL ARTICLE

Clinical and Translational Research

Bile acid indices as biomarkers for liver diseases I: Diagnostic markers433

Alamoudi JA, Li W, Gautam N, Olivera M, Meza J, Mukherjee S, Alnouti Y

Retrospective Cohort Study

Elderly patients (≥ 80 years) with acute calculous cholangitis have similar outcomes as non-elderly patients 
(< 80 years): Propensity score-matched analysis

456

Chan KS, Mohan R, Low JK, Junnarkar SP, Huey CWT, Shelat VG

Retrospective Study

Retrospective analysis of complications related to endoscopic retrograde cholangio-pancreatography in 
patients with cirrhosis vs patients without cirrhosis

472

Bernshteyn M, Hu L, Masood U, Sharma AV, Huang D, Sapkota B

Fatal arterial hemorrhage after pancreaticoduodenectomy: How do we simultaneously accomplish 
complete hemostasis and hepatic arterial flow?

483

Kamada Y, Hori T, Yamamoto H, Harada H, Yamamoto M, Yamada M, Yazawa T, Sasaki B, Tani M, Sato A, Katsura H, 
Tani R, Aoyama R, Sasaki Y, Okada M, Zaima M

Observational Study

Dried blood spot sampling as an alternative for the improvement of hepatitis B and C diagnosis in key 
populations

504

Flores GL, Barbosa JR, Cruz HM, Miguel JC, Potsch DV, Pilotto JH, Lima DM, Baima Colares JK, Brandão-Mello CE, 
Pires MMA, da Mota JC, Bastos FI, Lewis-Ximenez LL, Villar LM

CASE REPORT

Asymptomatic portal vein aneurysm: Three case reports515

Priadko K, Romano M, Vitale LM, Niosi M, De Sio I



WJH https://www.wjgnet.com II April 27, 2021 Volume 13 Issue 4

World Journal of Hepatology
Contents

Monthly Volume 13 Number 4 April 27, 2021

ABOUT COVER

Editorial Board Member of World Journal of Hepatology, Thekkuttuparambil Ananthanarayanan Ajith, PhD, 
Professor, Department of Biochemistry, Amala Institute of Medical Sciences, Thrissur 680 555, Kerala, India. 
taajith@amalaims.org

AIMS AND SCOPE

The primary aim of World Journal of Hepatology (WJH, World J Hepatol) is to provide scholars and readers from 
various fields of hepatology with a platform to publish high-quality basic and clinical research articles and 
communicate their research findings online. 
    WJH mainly publishes articles reporting research results and findings obtained in the field of hepatology and 
covering a wide range of topics including chronic cholestatic liver diseases, cirrhosis and its complications, clinical 
alcoholic liver disease, drug induced liver disease autoimmune, fatty liver disease, genetic and pediatric liver 
diseases, hepatocellular carcinoma, hepatic stellate cells and fibrosis, liver immunology, liver regeneration, hepatic 
surgery, liver transplantation, biliary tract pathophysiology, non-invasive markers of liver fibrosis, viral hepatitis.

INDEXING/ABSTRACTING

The WJH is now abstracted and indexed in PubMed, PubMed Central, Emerging Sources Citation Index (Web of 
Science), Scopus, China National Knowledge Infrastructure (CNKI), China Science and Technology Journal 
Database (CSTJ), and Superstar Journals Database. The WJH’s CiteScore for 2019 is 5.8 and Scopus CiteScore rank 
2019: Hepatology is 22/61.

RESPONSIBLE EDITORS FOR THIS ISSUE

Production Editor: Li-Li Wang; Production Department Director: Xiang Li; Editorial Office Director: Xiang Li.

NAME OF JOURNAL INSTRUCTIONS TO AUTHORS

World Journal of Hepatology https://www.wjgnet.com/bpg/gerinfo/204

ISSN GUIDELINES FOR ETHICS DOCUMENTS

ISSN 1948-5182 (online) https://www.wjgnet.com/bpg/GerInfo/287

LAUNCH DATE GUIDELINES FOR NON-NATIVE SPEAKERS OF ENGLISH

October 31, 2009 https://www.wjgnet.com/bpg/gerinfo/240

FREQUENCY PUBLICATION ETHICS

Monthly https://www.wjgnet.com/bpg/GerInfo/288

EDITORS-IN-CHIEF PUBLICATION MISCONDUCT

Nikolaos Pyrsopoulos, Ke-Qin Hu, Koo Jeong Kang https://www.wjgnet.com/bpg/gerinfo/208

EDITORIAL BOARD MEMBERS ARTICLE PROCESSING CHARGE

https://www.wjgnet.com/1948-5182/editorialboard.htm https://www.wjgnet.com/bpg/gerinfo/242

PUBLICATION DATE STEPS FOR SUBMITTING MANUSCRIPTS

April 27, 2021 https://www.wjgnet.com/bpg/GerInfo/239

COPYRIGHT ONLINE SUBMISSION

© 2021 Baishideng Publishing Group Inc https://www.f6publishing.com

© 2021 Baishideng Publishing Group Inc. All rights reserved. 7041 Koll Center Parkway, Suite 160, Pleasanton, CA 94566, USA

E-mail: bpgoffice@wjgnet.com  https://www.wjgnet.com

https://www.wjgnet.com/bpg/gerinfo/204
https://www.wjgnet.com/bpg/GerInfo/287
https://www.wjgnet.com/bpg/gerinfo/240
https://www.wjgnet.com/bpg/GerInfo/288
https://www.wjgnet.com/bpg/gerinfo/208
https://www.wjgnet.com/1948-5182/editorialboard.htm
https://www.wjgnet.com/bpg/gerinfo/242
https://www.wjgnet.com/bpg/GerInfo/239
https://www.f6publishing.com
mailto:bpgoffice@wjgnet.com
https://www.wjgnet.com


WJH https://www.wjgnet.com 433 April 27, 2021 Volume 13 Issue 4

World Journal of 

HepatologyW J H
Submit a Manuscript: https://www.f6publishing.com World J Hepatol 2021 April 27; 13(4): 433-455

DOI: 10.4254/wjh.v13.i4.433 ISSN 1948-5182 (online)

ORIGINAL ARTICLE

Clinical and Translational Research

Bile acid indices as biomarkers for liver diseases I: Diagnostic 
markers

Jawaher Abdullah Alamoudi, Wenkuan Li, Nagsen Gautam, Marco Olivera, Jane Meza, Sandeep Mukherjee, 
Yazen Alnouti

ORCID number: Jawaher Abdullah 
Alamoudi 0000-0003-1776-9249; 
Wenkuan Li 0000-0001-5603-6422; 
Nagsen Gautam 0000-0001-5876-
6760; Marco Olivera 0000-0003-1376-
3739; Jane Meza 0000-0002-4664-
6849; Sandeep Mukherjee 0000-0002-
0538-3253; Yazen Alnouti 0000-0002-
3995-3242.

Author contributions: Alamoudi JA 
is the primary researcher, collected 
and analyzed data, wrote the 
manuscript, prepared figures and 
formatted manuscript for 
publication; Li W and Gautam N 
helped in the liquid 
chromatography-tandem mass 
spectrometry sample analysis; 
Meza J supervised, reviewed, and 
approved all statistical analysis 
and provided intellectual input 
and feedback on manuscript; 
Olivera M and Mukherjee S helped 
in recruiting and consenting 
patients and sample collection as 
well as experimental design; 
Alnouti Y is the primary 
investigator who was responsible 
for the experimental design and 
supervising all aspects of this 
project and manuscript 
preparation.

Supported by University of 
Nebraska Medical Center-Clinical 
Research Center and Great Plains 

Jawaher Abdullah Alamoudi, Wenkuan Li, Nagsen Gautam, Yazen Alnouti, Department of 
Pharmaceutical Sciences, College of Pharmacy, University of Nebraska Medical Center, 
Omaha, NE 68198, United States

Jawaher Abdullah Alamoudi, Department of Pharmaceutical Sciences, College of Pharmacy, 
Princess Nourah Bint Abdulrahman University, Riyadh 11564, Saudi Arabia

Marco Olivera, Department of Internal Medicine, College of Medicine, University of Nebraska 
Medical Center, Omaha, NE 68198, United States

Jane Meza, Department of Biostatistics, College of Public Health, University of Nebraska 
Medical Center, Omaha, NE 68198, United States

Sandeep Mukherjee, Department of Internal Medicine, College of Medicine, Creighton 
University Medical Center, Omaha, NE 68124, United States

Corresponding author: Yazen Alnouti, PhD, Professor, Department of Pharmaceutical Sciences, 
College of Pharmacy, University of Nebraska Medical Center, 557 S 42nd Street, Omaha, NE 
68198, United States. yalnouti@unmc.edu

Abstract
BACKGROUND 
Hepatobiliary diseases result in the accumulation of toxic bile acids (BA) in the 
liver, blood, and other tissues which may contribute to an unfavorable prognosis.

AIM 
To discover and validate diagnostic biomarkers of cholestatic liver diseases based 
on the urinary BA profile.

METHODS 
We analyzed urine samples by liquid chromatography-tandem mass spectrometry 
and compared the urinary BA profile between 300 patients with hepatobiliary 
diseases vs 103 healthy controls by statistical analysis. The BA profile was 
characterized using BA indices, which quantifies the composition, metabolism, 
hydrophilicity, and toxicity of the BA profile. BA indices have much lower inter- 
and intra-individual variability compared to absolute concentrations of BA. In 
addition, BA indices demonstrate high area under the receiver operating 
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characteristic curves, and changes of BA indices are associated with the risk of 
having a liver disease, which demonstrates their use as diagnostic biomarkers for 
cholestatic liver diseases.

RESULTS 
Total and individual BA concentrations were higher in all patients. The 
percentage of secondary BA (lithocholic acid and deoxycholic acid) was 
significantly lower, while the percentage of primary BA (chenodeoxycholic acid, 
cholic acid, and hyocholic acid) was markedly higher in patients compared to 
controls. In addition, the percentage of taurine-amidation was higher in patients 
than controls. The increase in the non-12α-OH BA was more profound than 12α-
OH BA (cholic acid and deoxycholic acid) causing a decrease in the 12α-OH/ non-
12α-OH ratio in patients. This trend was stronger in patients with more advanced 
liver diseases as reflected by the model for end-stage liver disease score and the 
presence of hepatic decompensation. The percentage of sulfation was also higher 
in patients with more severe forms of liver diseases.

CONCLUSION 
BA indices have much lower inter- and intra-individual variability compared to 
absolute BA concentrations and changes of BA indices are associated with the risk 
of developing liver diseases.

Key Words: Hepatobiliary diseases; Bile acids; Bile acid indices; Diagnosis; Biomarker; 
Liver diseases

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: We have developed the concept of “bile acids (BA) indices” based on the 
detailed quantitative analysis of the urinary BA profile in patients with cholestatic liver 
diseases. We demonstrated the use of BA indices as diagnostic biomarkers for 
cholestatic liver diseases. BA indices had much lower inter- and intra-individual 
variability compared to absolute concentrations of the total and individual BA. In 
addition, BA indices demonstrated high area under the receiver operating characteristic 
curves, and changes of BA indices were associated with the risk of having a liver 
disease as determined by the logistic regression analysis.

Citation: Alamoudi JA, Li W, Gautam N, Olivera M, Meza J, Mukherjee S, Alnouti Y. Bile acid 
indices as biomarkers for liver diseases I: Diagnostic markers. World J Hepatol 2021; 13(4): 
433-455
URL: https://www.wjgnet.com/1948-5182/full/v13/i4/433.htm
DOI: https://dx.doi.org/10.4254/wjh.v13.i4.433

INTRODUCTION
Bile acids (BA) have many physiological functions such as cholesterol absorption and 
elimination, fat absorption, and maintenance of healthy microbiome[1,2]. BA are also 
signaling molecules/hormones, which are involved in the regulation of their own 
homeostasis, thyroid hormone signaling, glucose and lipid metabolism, energy 
expenditure, and cellular immunity[2-5]. Conversely, certain BA are also cytotoxic at 
high concentrations and have deleterious effects on hepatocytes and cholangiocytes, 
which play a major role in liver injury during various liver diseases[5-8].

Cholestatic liver diseases are associated with a reduction in bile flow due to 
impairment of bile flow or defects in bile production[9]. This causes accumulation of BA 
in the liver, which spills out into the systemic circulation, extrahepatic tissues, and 
eventually into urine. Numerous clinical and preclinical studies have shown up to a 
100-fold increase in BA concentrations in the blood and urine during various liver 
diseases[8,10-13]. Elevated BA concentrations were shown to correlate with the 
progression of damages to the liver and bile duct in cholestatic rats, rabbits, and in 
humans[14-18].

mailto:yalnouti@unmc.edu
http://creativecommons.org/Licenses/by-nc/4.0/
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Biomarkers currently used in the clinic for the diagnosis and prognosis of liver 
diseases are primarily serum liver enzymes such as aspartate aminotransferase (AST) 
and alanine aminotransferase (ALT) as well as bilirubin[19,20]. However, they are not 
specific to the liver or bile duct injuries, may increase in non-hepatobiliary diseases, 
and require severe cell injury at advanced disease stages before their blood levels 
increase[19,20]. BA were extensively investigated for decades as biomarkers for 
numerous hepatobiliary diseases[13,21-23]. However, these efforts never translated into 
the clinic, with the few exception of limited use in the diagnosis of intrahepatic 
cholestasis of pregnancy and biliary atresia in infants. This could be attributed to the 
marked differences in the physiological and pathological properties of the different 
individual BA. For example, detailed profiling of the more toxic and relevant 
individual BA rather than total BA concentration may better correlate with the liver 
condition during hepatobiliary diseases[10,12,24]. Also, the extreme inter-and intra-
individual variability of total and individual BA concentrations due to many factors 
such as food ingestion and diurnal variation, makes it challenging to determine the 
normal baseline ranges[25,26].

We have developed the concept of “BA indices”, which are ratios calculated from 
the absolute concentrations of individual BA and their metabolites (Table 1). These 
ratios provide comprehensive quantification of the composition, metabolism, 
hydrophilicity, formation of secondary BA, and toxicity of the BA profile[9,26]. BA 
indices have much lower variability than the absolute BA concentrations used to 
calculate them. Indeed, we have demonstrated that BA indices offered numerous 
advantages over absolute total and individual BA concentrations including low inter- 
and intra-individual variability and were resistant to covariate influences such as age, 
gender, body mass index (BMI), food consumption, and moderate alcohol 
consumption[9,26].

We have expanded on our previous pilot study, where we have recruited 300 
patients with liver diseases and 103 control subjects over a period of 7 years. This 
study includes a series of two papers. In this article, we have shown the utility of BA 
indices as diagnosing markers for liver diseases by compared the urinary BA profile 
between healthy controls and patients and between patients with different severity 
levels of liver disease. In the 2nd article, we have built a survival model, the Bile Acid 
Score (BAS), to predict the prognosis of liver diseases using significant BA indices 
identified in this article.

MATERIALS AND METHODS
Study participants
For controls, 103 healthy subjects (32 male and 71 female) without liver diseases 
between the ages of 19 and 65 years were recruited by the Clinical Research Center at 
the University of Nebraska Medical Center (UNMC) (Omaha, NE, United States). The 
registry URL was (https://www.clinicaltrials.gov/ct2/show/NCT01200082?term=aln
outi&draw=2&rank=1). The clinical trial number was NCT01200082. Inclusion criteria 
for the healthy controls included normal liver functions, as verified by ALT < 50 U/L, 
AST < 56 U/L, gamma-glutamyl transferase < 78 U/L, absence of diabetes, and no- or 
moderate alcohol drinking[27] The study was approved by Institutional Review Board 
at UNMC and written informed consents were provided for all participating subjects. 
Thirty milliliters urine samples were collected from controls at fasting conditions in 
the first visit, and 1, 2, and 4 wk thereafter.

Patients diagnosed with one or multi-hepatobiliary conditions due to chronic 
hepatitis C (n = 71) , hepatitis B (n = 15), alcoholic liver disease/alcoholic cirrhosis (n = 
117), primary biliary cholangitis (PBC) (n = 12), primary sclerosing cholangitis (n = 17), 
autoimmune hepatitis (n = 27), alpha-1-antitrypsin deficiency (n = 6), nonalcoholic 
fatty liver disease/nonalcoholic steatohepatitis (n = 56), carcinoma (n = 26), 
cryptogenic cirrhosis (n = 11), polycystic liver disease (n = 5), elevated liver function 
test (LFT) (n = 22), and unknown etiology (n = 5), were enrolled in the hepatology 
clinic in UNMC. A total of 300 patients (157 male and 143 female) between the ages of 
19 years and 83 years were recruited. Thirty milliliters of urine samples were collected 
on their first and follow-up visits to the hepatology clinic. All urine samples were 
stored in -80 °C until analyzed by liquid chromatography-tandem mass spectrometry 
(LC-MS/MS). Patients were divided into three disease-severity groups based on their 
model for end-stage liver disease (MELD) score: low-MELD (6-15 score), medium-
MELD (16-25), and high-MELD (26-40). High MELD group was not included while 
performing the statistical analysis, because there were only four subjects in that group. 

https://www.clinicaltrials.gov/ct2/show/NCT01200082?term=alnouti&draw=2&rank=1
https://www.clinicaltrials.gov/ct2/show/NCT01200082?term=alnouti&draw=2&rank=1
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Table 1 List of bile acid indices

Composition Hepatic metabolism Hydrophilicity CYP8B1 activity Intestinal contribution

Concentration of individual BA Total sulfated Total mono-OH Total 12α-OH Total primary

% of individual BA Total G-amidated Total di-OH Total non-12α-OH Total secondary

Total T-amidated Total tri-OH 12α-OH/non-12α-OH Primary/secondary

% Sulfation % Mono-OH CA/CDCA % Primary

% Amidation % Di-OH % 12α-OH % Secondary

% G-amidation % Tri-OH % Non-12α-OH

% T-amidation

BA: Bile acids; G: Glycine; T: Taurine; CDCA: Chenodeoxycholic acid; CA: Cholic acid.

In addition, patients were also categorized according to hepatic decompensation 
(presence or history of encephalopathy, bleeding varices, ascites, or jaundice)[28].

Non-BA parameters
AST, ALT, albumin, and serum creatinine were measured using the Beckman Coulter 
reagents (Beckman Coulter, Inc, Brea, California). Protime and international 
normalized ratio (INR) were measured using STANeoplastine “CI PLUS 10” reagent 
kit (Diagnostica Stago Inc, Parsippany, New Jersey). Total bilirubin in serum was 
analyzed using QuantiChromTM Bilirubin assay kit (BioAssay Systems, Hayward, 
CA, United States). AST/ALT ratio and AST/platelet ratio index (APRI) were 
calculated.

BA quantification by LC-MS/MS
Urine samples were extracted using solid phase extraction as described 
previously[9,26,29,30]. BA concentrations were quantified by LC-MS/MS, as we described 
previously[31].

Calculation of BA indices
In addition to the absolute concentration of individual and total BA, the BA profile in 
urine was characterized using “BA indices” (Table 1), and as we have described 
previously[9,26,30,31]. BA indices describe the composition, hydrophilicity, formation of 
12α-OH BA by CYP8B1, metabolism, and formation of secondary BA by intestinal 
bacteria. The composition indices were calculated as the ratio of the concentration of 
individual BA in all of their forms (sulfated, unsulfated amidated, and unamidated) to 
the total concentration of BA. The percentages of mono-OH BA: [lithocholic acid 
(LCA)], di-OH BA: [ursodeoxycholic acid (UDCA), murideoxycholic acid (MDCA), 
chenodeoxycholic acid (CDCA), hyodeoxycholic acid (HDCA), and deoxycholic acid 
(DCA)], and tri-OH BA: [cholic acid (CA), muricholic acid (MCA), and hyocholic acid 
(HCA)] were calculated as the ratio of the concentration of the sum of the respective 
BA in all their forms to the total concentration of BA.

The 12α-OH BA are formed by CYP8B1 in the liver and include DCA, CA, nor-DCA, 
and 3-dehydroCA. Therefore, CYP8B1 activity can be measured by the ratio of 12α-OH 
BA to the remaining of all other BA (non-12α-OH BA). Another marker for CYP8B1 is 
the ratio of CA to CDCA because CA is formed by the 12α hydroxylation of CDCA. In 
the same way, the ratio of 12α-OH (DCA, CA, nor-DCA, and 3-dehydroCA in all of 
their forms) to non-12α-OH (CDCA, HDCA, LCA, UDCA, MDCA, HCA, MCA, 12-
oxo-CDCA, 6-oxo-LCA, 7-oxo-LCA, 12-oxo-LCA, isoLCA, isoDCA in all of their forms) 
was calculated.

BA are metabolized primarily by sulfation, glycine (G), and taurine (T) amidation in 
the liver. The percentage of individual BA sulfation was calculated as a ratio of the 
concentration of sulfated BA, in both the amidated and unamidated forms, to the total 
individual BA concentration in all their forms (amidated, unamidated, sulfated, and 
unsulfated). In both the sulfated and unsulfated forms, the percentage of individual 
BA amidation have been calculated as the ratio of the concentration of amidated BA, to 
the total concentration of individual BA in all of their forms (amidated, unamidated, 
sulfated, and unsulfated). Additionally, percentages of amidation were divided into 
the percentages of BA existing as G or as T amidates.
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The ratio of primary (CA, CDCA, MCA and HCA in all of their forms) to secondary 
BA (DCA, LCA, UDCA, HDCA, MDCA, Nor-DCA, 12-oxo-CDCA, 3-dehydroCA, 6-
oxo-LCA, 7-oxo-LCA, 12-oxo-LCA, isoLCA, and isoDCA in all of their forms) was 
calculated.

Statistical analysis
Independent sample-t-test and Mann-Whitney test were used to study the 
demographic differences between controls and patients because the sample size was > 
30[32]. Independent sample-t-test was used for continuous variables and Mann-Whitney 
test was used for categorical variables. The demographic variables were (age, BMI, 
gender, and race). Subjects were divided into four age groups (19-29, 30-41, 42-53, 54-
83 years), and the variable age was studied as both a continuous and a categorical 
variable. Subjects were also divided into three BMI groups (normal: BMI < 25, 
overweight: BMI 25-29.9, and obese: BMI ≥ 30) and the effect of BMI was studied as 
both a continuous and a categorical variable. Also, subjects were divided into five race 
groups (White, Black, Asian, Hispanic, others), and the variable race was studied as a 
categorical variable.

Urine samples were collected from controls and patients on their first visit and 
follow-up visits. Mixed effects models were used to compare patients vs controls and 
the demographic variables were included as covariates. Statistically significant 
covariates were returned to the mixed effects models as interaction terms with the 
primary group, i.e., patients vs control.

BA indices were compared between controls, low-MELD (patients), and medium- 
MELD (patients) groups using mixed effects models followed by pairwise 
comparisons using Bonferroni’s adjustment if the P value was < 0.05. BA indices were 
compared between compensated and decompensated patients using mixed effects 
models. Mixed effects models were also used to determine the association between 
non-BA parameters including (AST, ALT, bilirubin, MELD score, AST/ALT, 
creatinine, INR, APRI, protime, and albumin) and BA indices. Receiver operating 
characteristic curve (ROC) analyses were used to determine cut-off values of BA as 
markers for the diagnosis of liver diseases with optimum sensitivity and specificity. 
The areas under the ROC curve (AUC) values were compared between urinary BA 
profiles and non-BA parameters. The mixed effects models were used to compare BA 
indices with AUC > 0.7 between controls and the patients with specific disease 
subtypes described in the “Study Participants” section (same patients can belong to 
different disease groups). Polycystic liver disease and unknown etiology subtypes 
were not included in the comparison between the disease subtypes because they had < 
six subjects.

Univariate logistic regression analysis was used to determine the association 
between BA concentrations and indices and the likelihood of developing a liver 
disease. From logistic regression analysis, the odds ratios (ORs) were calculated for a 
10% and 20% change from the mean value of BA indices in the healthy controls.

P value of 0.05 was considered significant for all the statistical tests described above. 
All statistical analysis was performed using the Statistical Product and Service 
Solutions (SPSS) software, version 25 (IBM corporation, Armonk, NY, United States).

RESULTS
Demographics
Table 2 shows a summary of the demographics of both patients and controls 
participants. We enrolled 103 controls (32 males and 71 females) and 300 patients (157 
males and 143 females), who were treated for cholestatic liver diseases in UNMC, over 
the period from November of 2011 to December of 2018. To compare the 
demographics between the two groups, age and BMI covariates were compared as 
both continuous and categorical variables using t-test, and Mann-Whitney test, 
respectively. While gender and race were compared as categorical variables using 
Mann-Whitney test. Age, gender, and BMI were significantly different between control 
and patients (P value < 0.05), while race was not different. Therefore, the statistically 
significant demographic variables (age, BMI, and gender) were included as covariates 
in the mixed effects models to compare BA indices between patients and controls.



Alamoudi JA et al. BA indices as diagnostic biomarkers

WJH https://www.wjgnet.com 438 April 27, 2021 Volume 13 Issue 4

Table 2 Demographics

Controls Patients
n 103 300

Gender1

Male, female 32, 71 157, 143

Age (yr)1

mean ± SE 44.3 ± 0.64 52.1± 0.54

19-29 17 11

30-41 28 40

42-53 30 92

54-83 28 157

BMI1

mean ± SE 27.5 ± 0.28 30.9 ± 0.32

Normal BMI < 25 30 69

Overweight BMI = 25-29.9 45 104

Obese BMI ≥ 30 28 127

Race

White 88 247

Black 7 14

Asian 7 13

Hispanic 1 8

Others 0 18

1Significant difference between controls and patients (P < 0.05).
BMI: Body mass index.

Differences in BA between patients vs controls are not due to differences in 
demographics
Because some of the covariates (age, BMI, and gender) were significantly different 
between the two groups (Table 2), we reran the univariate mixed effect analysis with 
these covariates (multivariate analysis). First, association between these covariates and 
BA indices was identified, and then the covariates with significant association with BA 
indices were incorporated in the multivariate mixed effect analyses as interaction 
terms with the group (patients and controls). We did not find any difference in the 
association between covariates and BA indices between the two groups except for the 
% primary and % secondary BA with gender (Supplementary Table 1).

BA profiles in controls vs patients
Table 3 shows the absolute concentrations of major urinary BA in controls and 
patients. Table 4 compares representative absolute BA concentrations and indices 
between controls and patients. Supplementary Table 2 shows the full list of BA 
concentrations and indices. Total BA was 5.9-fold higher in patients compared with 
controls. All individual BA concentrations were also higher in patients, except MDCA, 
but to different extents. The highest increase was in UDCA (11.9-fold), while the 
lowest increase was for DCA and HDCA (1.6-fold). The percentage of UDCA, CDCA, 
MCA, CA, and HCA were higher (1.2-1.6-fold), while the percentage of LCA, DCA, 
HDCA, and MDCA were lower (0.5-0.8-fold) in patients vs controls.

Unamidated, G-amidated, and T-amidated BA which were 3.3-, 5.9-, and 9.4-fold 
higher in patients than controls. Therefore, the overall % amidation and % G-
amidation did not change or slightly decreased in patients, whereas % T-amidation 
increased from 8.0% in controls to 10.8% in patients. Similarly, the concentrations of 
both sulfated and unsulfated were approximately 6-fold higher in patient; so that the 

http://f6publishing.blob.core.windows.net/07067e94-b64f-4664-982d-1e0d11f4cc84/WJH-13-433-supplementary-material.pdf
http://f6publishing.blob.core.windows.net/07067e94-b64f-4664-982d-1e0d11f4cc84/WJH-13-433-supplementary-material.pdf


Alamoudi JA et al. BA indices as diagnostic biomarkers

WJH https://www.wjgnet.com 439 April 27, 2021 Volume 13 Issue 4

Table 3 Absolute concentrations of major bile acids in controls and patients

Unamidated G-BA T-BA Total
BA

mean ± SE, µmol/L
Controls

Unsulfated BA

LCA 0.000 ± 0.00 0.000 ± 0.00 0.000 ± 0.00 0.001 ± 0.00

UDCA 0.004 ± 0.00 0.033 ± 0.00 0.002 ± 0.00 0.038 ± 0.00

CDCA 0.003 ± 0.00 0.008 ± 0.00 0.002 ± 0.00 0.013 ± 0.00

DCA 0.022 ± 0.00 0.011 ± 0.00 0.002 ± 0.00 0.035 ± 0.00

HDCA 0.01 ± 0.00 0.00 ± 0.00 ND 0.007 ± 0.00

MDCA 0.060 ± 0.01 ND ND 0.058 ± 0.01

CA 0.179 ± 0.03 0.067 ± 0.00 0.009 ± 0.00 0.255 ± 0.03

MCA 0.028 ± 0.00 0.287 ± 0.02 0.041 ± 0.00 0.356 ± 0.02

HCA 0.008 ± 0.00 0.016 ± 0.00 0.001 ± 0.00 0.026 ± 0.00

Other BA1 0.160 ± 0.01 - - 0.160 ± 0.01

Total unsulfated 0.464 ± 0.04 0.422 ± 0.02 0.057 ± 0.00 0.943 ± 0.05

Sulfated BA

LCA 0.010 ± 0.00 0.780 ± 0.04 0.220 ± 0.01 1.010 ± 0.05

UDCA 0.450 ± 0.02 1.040 ± 0.05 0.030 ± 0.00 1.520 ± 0.07

CDCA 0.070 ± 0.01 2.380 ± 0.13 0.060 ± 0.00 2.510 ± 0.13

DCA 0.010 ± 0.00 2.900 ± 0.14 0.220 ± 0.02 3.130 ± 0.16

CA 0.004 ± 0.00 0.056 ± 0.01 0.126 ± 0.01 0.190 ± 0.01

Total sulfated 0.535 ± 0.03 7.170 ± 0.28 0.650 ± 0.03 8.350 ± 0.31

Overall total 1.000 ± 0.05 7.590 ± 0.29 0.710 ± 0.03 9.300 ± 0.33

Patients

Unsulfated BA

LCA 0.004 ± 0.00 0.001 ± 0.00 0.0001 ± 0.00 0.005 ± 0.00

UDCA 0.079 ± 0.03 0.410 ± 0.17 0.012 ± 0.00 0.500 ± 0.21

CDCA 0.020 ± 0.00 0.090 ± 0.01 0.100 ± 0.02 0.210 ± 0.03

DCA 0.040 ± 0.00 0.040 ± 0.00 0.010 ± 0.00 0.090 ± 0.01

HDCA 0.010 ± 0.00 0.00 ± 0.00 ND 0.010 ± 0.00

MDCA 0.050 ± 0.01 ND ND 0.050 ± 0.01

CA 0.240 ± 0.03 0.550 ± 0.07 0.320 ± 0.08 1.120 ± 0.14

MCA 0.120 ± 0.02 1.940 ± 0.29 0.730 ± 0.09 2.790 ± 0.34

HCA 0.010 ± 0.00 0.170 ± 0.02 0.090 ± 0.02 0.270 ± 0.04

Other BA1 0.860 ± 0.13 - - 0.860 ± 0.13

Total 0.460 ± 0.04 0.42 ± 0.02 0.06 ± 0.00 5.910 ± 0.57

Sulfated BA

LCA 0.030 ± 0.01 2.230 ± 0.20 0.650 ± 0.06 2.910 ± 0.24

UDCA 1.560 ± 0.23 15.30 ± 2.68 1.230 ± 0.27 18.10 ± 3.08

CDCA 0.190 ± 0.03 18.70 ± 1.79 1.910 ± 0.38 20.80 ± 2.07

DCA 0.040 ± 0.01 4.280 ± 0.54 0.520 ± 0.07 4.840 ± 0.58

CA 0.080 ± 0.01 0.910 ± 0.13 1.030 ± 0.21 2.010 ± 0.31
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Total 1.900 ± 0.24 41.40 ± 4.12 5.340 ± 0.74 48.70 ± 4.77

Overall total 3.330 ± 0.33 44.60 ± 4.46 6.610 ± 0.85 54.60 ± 5.20

1Other bile acids: Nor-deoxycholic acid, 12-oxo-chenodeoxycholic acid, 3-dehydrocholic acid, 6-oxo-lithocholic acid, 7-oxo-lithocholic acid, 12-oxo-
lithocholic acid, isolithocholic acid, and isodeoxycholic acid.
ND: Not detected; -: Not quantified; BA: Bile acids; G: Glycine; T: Taurine; CDCA: Chenodeoxycholic acid; CA: Cholic acid; LCA: Lithocholic acid; UDCA: 
Ursodeoxycholic acid; DCA: Deoxycholic acid; HDCA: Hyodeoxycholic acid; MDCA: Murideoxycholic acid; MCA: Muricholic acid; HCA: Hyocholic acid.

% sulfation of BA was unchanged.
The absolute concentrations of mono-, di-, and tri-OH BA were also higher in 

patients compared with controls, but the % mono-OH decreased (0.8-fold), di-OH 
remained unchanged, and % tri-OH increased (1.4-fold) due to increasing % CA (1.2-
fold), % MCA (1.6-fold), and % HCA (1.5-fold).

Total 12α-OH and non-12α-OH BA were 2.3-fold and 8.2-fold higher in patients, so 
that the ratio of 12α-OH/ non-12α-OH and the % 12α-OH decreased (approximately 
0.5-fold), while % non-12α-OH BA increased (1.2-fold).

Total primary and secondary BA were 8.1-fold and 4.6-fold higher in patients, so 
that the ratio of primary/secondary BA was 3.6-fold higher. Therefore, % primary BA 
was 1.4-fold higher, while % secondary BA was 0.80-fold lower in patients vs controls.

BA profile in low vs medium-MELD patients
Table 5 compares representative urinary BA concentrations and indices between low- 
and medium-MELD patients. Total BA concentrations was twice and individual BA 
concentrations were (1.15-fold to 3.9-fold) higher in medium vs low-MELD patients 
(Table 5).

Unamidated BA concentration was lower, while G-amidated and T-amidated BA 
were higher in the medium-MELD patients. Therefore, % T-amidation was 1.5-fold 
higher, while there was minimal difference in the % amidation and % G-amidation 
between medium and low-MELD patients. Similarly, the concentrations of both 
sulfated and unsulfated were 1.3- and 2-fold higher in medium vs low-MELD. On the 
other hand, the % sulfation of BA was only 1.07-fold higher, but it was statistically 
significant.

The absolute concentrations of mono-, di-, and tri-OH BA were also (1.8-2-fold) 
higher in medium-MELD patients, but the % mono-OH decreased (0.86-fold); while % 
di- and % tri-OH remained unchanged.

Total 12α-OH and non-12α-OH BA were both higher in medium vs low-MELD 
patients, but to different extents so that % non-12α-OH BA remained unchanged, 
while % 12α-OH decreased and the ratio of 12α-OH/ non-12α-OH was approximately 
0.7-fold lower.

Total primary BA were 3.4-fold higher, while total secondary BA were slightly (0.9-
fold) lower in medium-MELD patients, so that the ratio of primary/secondary BA was 
2.3-fold higher. Similarly, % primary BA was 1.4-fold higher, while % secondary BA 
was 0.6-fold lower in medium- MELD patients.

BA profile in compensated vs decompensated patients
Table 6 compares representative urinary BA concentrations and indices between 
decompensated and compensated patients. In general, the same trend in the higher vs 
lower MELD patients comparison was observed in the decompensated vs 
compensated patients. Total BA was 1.3-fold higher, all individual BA were higher, 
but to variable extents. The percentage of CDCA, HDCA, CA, and HCA were higher 
(1.3-2.1-fold), while the percentage of LCA, UDCA, DCA, and MDCA were lower (0.3-
0.7-fold) in decompensated vs compensated patients.

The % T-amidation was 1.3-fold higher in decompensated vs. compensated patients, 
while there was no difference in the % amidation, % G-amidation, or % sulfation. The 
% mono-OH decreased (0.73-fold), % di-OH remained unchanged, and % tri-OH 
slightly increased (1.13-fold) due to increasing % CA and % HCA. The ratio of 12α-
OH/ non-12α-OH lower, the % 12α-OH, and CA/CDCA ratio decreased (0.7-0.8-fold), 
while % non-12α-OH BA remained unchanged.

Total primary BA were two-fold higher, while total secondary BA were 0.8-fold 
lower, so that the ratio of primary/secondary BA was 2.6-fold higher in 
decompensated patients. Therefore, % primary BA was 1.5-fold higher, while % 
secondary BA was 0.56-fold lower in decompensated patients.
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Table 4 Representative bile acids concentrations and indices in controls vs patients

Controls Patients Patients vs controls
BA (µmol/L) or BA indices

mean SE mean SE Ratio P value

Total BA 9.30 0.33 54.6 5.20 5.87 0.000

Total LCA 1.01 0.05 2.92 0.24 2.88 0.000

Total UDCA 1.56 0.07 18.6 3.23 11.9 0.001

Total CDCA 2.52 0.13 21.0 2.09 8.35 0.000

Total DCA 3.16 0.16 4.92 0.58 1.56 0.072

Total HDCA 0.01 0.00 0.01 0.00 1.57 0.051

Total MDCA 0.06 0.01 0.05 0.01 0.90 0.992

Total CA 0.44 0.03 3.13 0.44 7.09 0.003

Total MCA 0.36 0.02 2.79 0.34 7.83 0.000

Total HCA 0.03 0.00 0.27 0.04 10.6 0.001

Other BA1 0.16 0.01 0.86 0.13 5.54 NA

% LCA 11.5 0.38 9.20 0.39 0.79 0.002

% UDCA 17.7 0.49 21.3 0.88 1.21 0.138

% CDCA 27.1 0.65 36.3 0.94 1.34 0.000

% DCA 31.1 0.68 14.6 0.53 0.47 0.000

% HDCA 0.07 0.01 0.04 0.00 0.54 0.052

% MDCA 0.64 0.04 0.36 0.05 0.56 0.135

% CA 5.25 0.27 6.27 0.25 1.19 0.064

% MCA 4.03 0.16 6.39 0.34 1.58 0.003

% HCA 0.30 0.02 0.45 0.04 1.52 0.018

Total Unamidated 1.00 0.05 3.33 0.33 3.34 0.000

Total G-amidated 7.59 0.29 44.6 4.46 5.88 0.000

Total T-amidated 0.71 0.03 6.61 0.85 9.37 0.001

% Amidation 87.7 0.47 86.9 0.65 0.99 0.053

% G-amidation 79.7 0.49 76.0 0.71 0.95 0.000

% T-amidation 7.98 0.26 10.8 0.46 1.35 0.005

Total Unsulfated 0.94 0.05 5.91 0.57 6.26 0.000

Total Sulfated 8.35 0.31 48.7 4.77 5.83 0.000

% Sulfation 88.5 0.46 82.9 0.60 0.94 0.000

Total Mono-OH 1.01 0.05 2.92 0.24 2.88 0.000

Total Di-OH 7.30 0.29 44.6 4.58 6.11 0.000

Total Tri-OH 0.82 0.04 6.19 0.65 7.52 0.000

% Mono-OH 11.5 0.38 9.16 0.39 0.79 0.002

% Di-OH 76.6 0.50 72.7 0.65 0.95 0.001

% Tri-OH 9.58 0.33 13.1 0.43 1.37 0.000

Total 12α-OH 3.62 0.17 8.35 0.83 2.30 0.001

Total non-12α-OH 5.67 0.20 46.2 4.68 8.15 0.000

12α-OH/non12α-OH 0.65 0.02 0.33 0.01 0.51 0.000

CA/CDCA 0.24 0.01 0.24 0.02 1.00 0.625

% 12α-OH 36.7 0.62 22.1 0.54 0.60 0.000
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% non-12α-OH 63.3 0.62 77.9 0.54 1.23 0.000

Total Primary 3.34 0.15 27.2 2.59 8.15 0.000

Total Secondary 5.95 0.23 27.4 3.52 4.59 0.000

Primary/ Secondary 0.69 0.03 2.52 0.22 3.63 0.000

% Primary 36.7 0.70 49.4 1.06 1.35 0.000

% Secondary 63.3 0.70 50.6 1.06 0.80 0.000

1Other bile acids: Nor-deoxycholic acid, 12-oxo-chenodeoxycholic acid, 3-dehydrocholic acid, 6-oxo-lithocholic acid, 7-oxo-lithocholic acid, 12-oxo-
lithocholic acid, isolithocholic acid, and isodeoxycholic acid.
NA: Not available; BA: Bile acids; G: Glycine; T: Taurine; CDCA: Chenodeoxycholic acid; CA: Cholic acid; LCA: Lithocholic acid; UDCA: Ursodeoxycholic 
acid; DCA: Deoxycholic acid; HDCA: Hyodeoxycholic acid; MDCA: Murideoxycholic acid; MCA: Muricholic acid; HCA: Hyocholic acid.

ROC curve analysis
Supplementary Table 3 lists the AUC for BA concentrations and indices. Supple-
mentary Table 4 shows the full list of BA concentrations and indices. Total BA, CDCA, 
CA, % DCA, % HDCA, % MDCA, total G-Amidated, total unsulfated, total sulfated, 
total di-OH, total tri-OH, total non-12α-OH, 12α-OH/non12α-OH, % 12α-OH, % non-
12α-OH, total primary, primary/secondary, % primary, and % secondary produced 
AUC > 0.7. Figure 1 shows ROC curves of BA indices with AUC > 0.7. Potential cut-off 
values selected based on the optimum specificity and sensitivity for BA indices with 
AUC > 0.7 are listed in Supplementary Table 5.

Risk analysis: Logistic regression analysis
Table 7 shows the results of logistic regression analyzes for BA indices with ROC 
(AUC) > 0.7. Logistic regression analysis detects whether there is a risk of liver disease 
associated with changes in BA indices. The risk of liver disease increased with 
changing levels of all BA indices (P < 0.05) except (% HDCA and % MDCA). 
Additionally, the OR from the logistic regression analysis quantifies the magnitude of 
the risk of developing liver diseases per unit (10% and 20% of the normal value) 
changes in BA indices. For example, for every 20% increase in the % non-12α-OH BA, 
the likelihood of having a liver disease increases 2.72-folds (OR: 2.72; P < 0.05). In 
contrast for every 20% increase in the % 12α-OH BA, the likelihood of having a liver 
disease decreases 0.56-folds (OR: 0.56; P < 0.05).

BA profile in different liver disease subtypes
Table 8 compare BA indices with ROC-AUC > 0.7 between controls vs patients with 
specific liver disease subtype. Mixed effects models were used to compare disease 
subtypes individually vs controls. The goal was to identify BA indices that can serve as 
diagnostic biomarkers for specific liver disease subtypes.

We have found that most BA indices were significantly different between controls 
vs all individual liver disease subtypes. Total BA, total CDCA, total CA, total G-
amidated, total unsulfated, total sulfated, total di-OH, total tri-OH, Total non-12α-OH, 
% non-12α-OH and total primary were higher (1.1- to 39.5-fold) in every liver disease 
group compared with controls. % Primary and primary/secondary were higher (1.1-
fold to 9.27-fold) in all liver disease group compared with controls except in PBC. % 
DCA, % HDCA, % 12α-OH, and 12α-OH/non-12α-OH were lower (0.07-fold to 0.85-
fold) in every liver disease group compared with controls. % MDCA and % secondary 
was lower in all liver disease group compared with controls except in elevated LFT 
and PBC, respectively.

Non-BA parameters
In addition to BA indices, we have also examined other biomarkers currently used in 
the clinic to evaluate liver functions. These non-BA parameters include AST, ALT, 
AST/ALT, bilirubin, albumin, INR, protime, creatinine, APRI, and MELD. Table 9 
compares the non-BA parameters in controls and patients using mixed effects models. 
All the non-BA parameters were higher in patients compared to controls except 
albumin and protime, which were lower in patients. Within the patient population, all 
non-BA parameters were higher in medium compared to low- MELD patients except 
albumin, and ALT. The same results also applied to decompensated vs compensated 
patients.

The AUC for non-BA parameters was > 0.7 for all of them except creatinine, 

http://f6publishing.blob.core.windows.net/07067e94-b64f-4664-982d-1e0d11f4cc84/WJH-13-433-supplementary-material.pdf
http://f6publishing.blob.core.windows.net/07067e94-b64f-4664-982d-1e0d11f4cc84/WJH-13-433-supplementary-material.pdf
http://f6publishing.blob.core.windows.net/07067e94-b64f-4664-982d-1e0d11f4cc84/WJH-13-433-supplementary-material.pdf
http://f6publishing.blob.core.windows.net/07067e94-b64f-4664-982d-1e0d11f4cc84/WJH-13-433-supplementary-material.pdf
http://f6publishing.blob.core.windows.net/07067e94-b64f-4664-982d-1e0d11f4cc84/WJH-13-433-supplementary-material.pdf
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Table 5 Representative bile acids concentrations and indices in medium- vs low- model for end-stage liver disease patients

Low-MELD Medium-MELD Medium- vs low-MELD
BA (µmol/L) or BA indices

mean SE mean SE Ratio P value

Total BA 59.2 7.94 116 24.8 1.96 1.000

Total LCA 3.40 0.35 6.01 1.72 1.77 0.175

Total UDCA 24.4 5.34 18.6 6.30 0.76 0.172

Total CDCA 18.3 2.31 71.4 16.3 3.90 0.000

Total DCA 5.30 0.96 6.08 1.47 1.15 1.000

Total HDCA 0.01 0.00 0.01 0.00 0.61 1.000

Total MDCA 0.05 0.01 0.06 0.01 1.28 1.000

Total CA 2.80 0.48 10.6 4.45 3.79 0.000

Total MCA 3.58 0.57 2.15 0.46 0.60 0.210

Total HCA 0.25 0.04 0.86 0.36 3.48 0.002

% LCA 9.31 0.53 7.97 1.47 0.86 1.000

% UDCA 23.1 1.29 14.3 2.52 0.62 1.000

% CDCA 34.7 1.21 55.6 3.17 1.60 0.000

% DCA 13.8 0.65 7.18 1.33 0.52 0.005

% HDCA 0.04 0.01 0.01 0.00 0.32 0.661

% MDCA 0.29 0.04 0.13 0.03 0.43 1.000

% CA 5.75 0.30 8.70 1.25 1.51 0.145

% MCA 7.15 0.48 3.70 0.91 0.52 0.000

% HCA 0.46 0.07 0.75 0.15 1.61 0.148

Total Unamidated 4.24 0.55 2.87 0.72 0.68 0.062

Total G-amidated 48.4 6.89 92.8 19.7 1.92 1.000

Total T-amidated 6.58 1.04 20.7 7.30 3.15 0.040

% Amidation 86.7 0.87 94.4 1.28 1.09 0.005

% G-amidation 75.5 0.96 77.2 2.73 1.02 1.000

% T-amidation 11.2 0.64 17.1 2.15 1.53 0.002

Total unsulfated 6.99 0.93 9.04 2.42 1.29 1.000

Total sulfated 52.3 7.21 107 23.2 2.05 1.000

% Sulfation 82.4 0.81 88.3 1.34 1.07 0.009

Total mono-OH 3.40 0.35 6.01 1.72 1.77 0.175

Total di-OH 48.1 7.01 96.2 20.9 2.00 1.000

Total tri-OH 6.63 0.90 13.6 4.90 2.06 0.301

% Mono-OH 9.31 0.53 7.97 1.47 0.86 1.000

% Di-OH 72.0 0.90 77.2 2.14 1.07 0.058

% Tri-OH 13.4 0.59 13.1 1.40 0.98 0.274

Total 12α-OH 8.55 1.23 16.8 4.86 1.96 0.053

Total non-12α-OH 50.7 7.21 99.6 21.5 1.96 1.000

12α-OH/non12α-OH 0.30 0.01 0.20 0.02 0.68 0.135

CA/CDCA 0.21 0.01 0.17 0.03 0.81 1.000

% 12α-OH 21.0 0.69 16.1 1.44 0.77 0.008

% non-12α-OH 79.0 0.69 83.9 1.44 1.06 0.008
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Total primary 25.0 3.08 85.1 19.5 3.41 0.000

Total secondary 34.3 5.78 31.3 8.05 0.91 0.316

Primary/secondary 2.19 0.24 5.02 1.16 2.29 1.000

% Primary 48.1 1.40 68.7 3.10 1.43 0.014

% Secondary 51.9 1.40 31.3 3.10 0.60 0.014

BA: Bile acids; MELD: Model for end-stage liver disease; G: Glycine; T: Taurine; CDCA: Chenodeoxycholic acid; CA: Cholic acid; LCA: Lithocholic acid; 
UDCA: Ursodeoxycholic acid; DCA: Deoxycholic acid; HDCA: Hyodeoxycholic acid; MDCA: Murideoxycholic acid; MCA: Muricholic acid; HCA: 
Hyocholic acid.

protime, and AST/ALT ratio. Also, per logistic regression analysis, the risk of being 
diagnosed with a liver disease increased to various extents with changing levels of all 
non-BA parameters (P < 0.05) except creatinine and AST/ALT. For example, for every 
20% increase in the albumin and protime, the likelihood of having a liver disease 
decreases 0.28-fold and 0.85-fold, respectively. In contrast for every 20% increase in the 
other non-BA parameters, the likelihood of having a liver disease increases 1.13-fold to 
3-fold (Supplementary Table 6).

In addition, we have found that most non-BA parameters were significantly 
different between controls vs. all individual liver disease subtypes (Supplementary 
Table 7). Creatinine, INR, AST, ALT, bilirubin, AST/ALT, and MELD were higher in 
most liver disease group compared with controls. In contrast, albumin and protime 
were lower in most liver disease group compared with controls.

Association between non-BA parameters and BA indices
Supplementary Table 8 shows the association between non-BA parameters and BA 
indices using mixed effects models. We have found that all non-BA parameters were 
significantly associated with most BA concentrations/indices, except creatinine (P > 
0.05).

DISCUSSION
To ensure that the difference in the BA profiles between patients and controls are not 
due to the differences in the demographics we showed that: (1) Most of BA were not 
associated with demographic covariates, and (2) The ones that were associated had the 
same extent of association in the patient and control groups (Supplementary Table 1).

Patients were categorized based on the severity of the liver disease using MELD[33-37] 
and the compensation status[28]. Accordingly, we have compared the BA profiles 
between entire patient vs control populations as well as among the patients with 
different levels of disease severity. Most BA (except MDCA) were higher, but to 
different extents, in patients vs controls (Table 4) and in the more-severe patient 
groups, i.e., medium vs low-MELD (Table 5) as well as decompensated vs compensated 
(Table 6). In particular, the percentages of the primary BA (CDCA, CA, and HCA) 
were higher, while the percentage of the secondary BA (DCA) was lower. The % 
primary BA was 1.4-fold higher, while % secondary BA was 0.8-fold lower and the 
ratio of primary/secondary BA was 3.6-fold higher in patients vs controls (Table 4). 
The same trend was also observed in the patients with more severe form of the 
disease, where the % of primary BA also increased with the severity of the liver 
disease (medium-MELD > low-MELD > controls) and (decompensated > compensated 
> controls), whereas % secondary BA decreased with the severity of the disease. 
(Tables 5 and 6).

Cholestatic diseases are associated with impaired bile flow to the intestine, which 
translates into reduced transformation of primary into secondary BA by intestinal 
bacteria[9,25,38-40]. Therefore, while all BA concentrations were higher in patients due to 
the impairment of bile flow, the proportion of secondary BA (formed in the intestine) 
decreased with the severity of the cholestatic disease, which may reflect the extent of 
bile flow impairment.

The conjugation of BA with G and T decreases their pKa, increases their ionization 
and solubility, enhances their urinary elimination, and decreases their toxicity[30,41-44]. 
However, T-amidated BA are generally less cytotoxic and more ionized than G-
amidated BA[43,45,46]. Even though unamidated as well as T-and G-amidated BAs were 

http://f6publishing.blob.core.windows.net/07067e94-b64f-4664-982d-1e0d11f4cc84/WJH-13-433-supplementary-material.pdf
http://f6publishing.blob.core.windows.net/07067e94-b64f-4664-982d-1e0d11f4cc84/WJH-13-433-supplementary-material.pdf
http://f6publishing.blob.core.windows.net/07067e94-b64f-4664-982d-1e0d11f4cc84/WJH-13-433-supplementary-material.pdf
http://f6publishing.blob.core.windows.net/07067e94-b64f-4664-982d-1e0d11f4cc84/WJH-13-433-supplementary-material.pdf
http://f6publishing.blob.core.windows.net/07067e94-b64f-4664-982d-1e0d11f4cc84/WJH-13-433-supplementary-material.pdf
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Table 6 Representative bile acids concentrations and indices in compensated vs decompensated patients

Compensated Decompensated Decompensated vs compensated
BA (µmol/L) or BA indices

mean SE mean SE Ratio P value

Total BA 66.6 10.8 86.9 14.9 1.31 0.160

Total LCA 3.73 0.54 4.26 0.70 1.14 0.547

Total UDCA 27.0 6.49 21.0 9.82 0.78 0.687

Total CDCA 20.4 3.42 45.0 6.28 2.20 0.001

Total DCA 6.85 1.76 4.93 0.73 0.72 0.394

Total HDCA 0.01 0.00 0.02 0.01 1.61 0.430

Total MDCA 0.06 0.01 0.05 0.01 0.86 0.619

Total CA 2.62 0.40 6.28 1.51 2.39 0.024

Total MCA 4.48 0.93 4.07 0.83 0.91 0.864

Total HCA 0.20 0.04 0.64 0.14 3.23 0.002

% LCA 9.00 0.64 6.61 0.64 0.73 0.020

% UDCA 24.9 1.97 12.0 1.32 0.48 0.007

% CDCA 33.2 1.62 54.74 2.05 1.65 0.000

% DCA 14.3 0.98 9.17 1.00 0.64 0.000

% HDCA 0.02 0.01 0.03 0.01 1.42 0.532

% MDCA 0.34 0.14 0.11 0.01 0.33 0.264

% CA 6.07 0.54 7.58 0.48 1.25 0.262

% MCA 7.26 0.72 7.21 0.82 0.99 0.542

% HCA 0.35 0.05 0.74 0.08 2.09 0.005

Total unamidated 4.35 0.69 3.88 1.04 0.89 0.876

Total G-amidated 56.2 9.81 70.5 12.5 1.25 0.240

Total T-amidated 5.97 0.79 12.6 2.58 2.11 0.010

% Amidation 87.9 1.15 93.6 0.75 1.06 0.003

% G-amidation 76.5 1.30 78.8 1.23 1.03 0.161

% T-amidation 11.5 0.93 14.8 1.02 1.29 0.161

Total unsulfated 7.84 1.19 9.53 1.85 1.22 0.310

Total sulfated 58.7 9.97 77.4 13.4 1.32 0.156

% Sulfation 82.7 1.12 85.2 0.99 1.03 0.054

Total mono-OH 3.73 0.54 4.26 0.70 1.14 0.547

Total di-OH 54.4 9.55 70.9 13.1 1.31 0.174

Total tri-OH 7.30 1.25 11.0 1.96 1.51 0.085

% Mono-OH 9.00 0.64 6.61 0.64 0.73 0.020

% Di-OH 72.7 1.14 76.0 1.31 1.05 0.016

% Tri-OH 13.7 0.92 15.5 0.95 1.13 0.674

Total 12α-OH 10.1 2.08 11.44 1.75 1.14 0.554

Total non-12α-OH 56.5 9.36 75.51 14.0 1.34 0.137

12α-OH/non12α-OH 0.33 0.02 0.24 0.02 0.71 0.002

CA/CDCA 0.21 0.02 0.17 0.01 0.79 0.043

% 12α-OH 22.0 1.07 17.3 0.99 0.79 0.001

% non-12α-OH 78.0 1.07 82.7 0.99 1.06 0.001
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Total primary 27.7 4.46 56.0 7.59 2.02 0.001

Total secondary 38.8 7.43 31.0 10.3 0.80 0.874

Primary/secondary 2.27 0.44 5.98 0.69 2.64 0.001

% Primary 46.9 2.05 70.3 1.88 1.50 0.000

% Secondary 53.1 2.05 29.7 1.88 0.56 0.000

BA: Bile acids; G: Glycine; T: Taurine; CDCA: Chenodeoxycholic acid; CA: Cholic acid; LCA: Lithocholic acid; UDCA: Ursodeoxycholic acid; DCA: 
Deoxycholic acid; HDCA: Hyodeoxycholic acid; MDCA: Murideoxycholic acid; MCA: Muricholic acid; HCA: Hyocholic acid.

Table 7 Univariate logistic regression analysis of bile acids concentrations and indices1

Exp(B)-odds ratio
BA (µmol/L) or BA indices B value (regression coefficient) P value

1-unit change 10% change 20% change

Total BA 0.080 0.000 1.08 1.08 1.16

Total CDCA 0.226 0.000 1.25 1.06 1.12

Total CA 1.181 0.000 3.26 1.05 1.11

% DCA -0.080 0.000 0.92 0.78 0.61

% HDCA -1.898 0.069 0.15 0.99 0.97

% MDCA -0.174 0.162 0.84 0.99 0.98

Total G-amidated 0.084 0.000 1.09 1.07 1.14

Total unsulfated 0.784 0.000 2.19 1.08 1.16

Total sulfated 0.080 0.000 1.08 1.07 1.14

Total di-OH 0.094 0.000 1.10 1.07 1.15

Total tri-OH 0.731 0.000 2.08 1.06 1.13

Total non-12α-OH 0.146 0.000 1.16 1.09 1.18

12α-OH/non12α-OH -2.349 0.000 0.10 0.86 0.74

% 12α-OH -0.079 0.000 0.92 0.75 0.56

% non-12α-OH 0.079 0.000 1.08 1.65 2.72

Total primary 0.190 0.000 1.21 1.07 1.14

Primary/secondary 0.834 0.000 2.30 1.06 1.12

% Primary 0.033 0.000 1.03 1.13 1.27

% Secondary -0.033 0.000 0.97 0.81 0.66

1Bile acids with receiver operating characteristic (ROC)-areas under the ROC curve > 0.7 were included in this table.
BA: Bile acids; G: Glycine; CDCA: Chenodeoxycholic acid; CA: Cholic acid; DCA: Deoxycholic acid; HDCA: Hyodeoxycholic acid; MDCA: 
Murideoxycholic acid.

higher in patients, the increase in T-amidated BA was the most profound. Therefore, % 
T-amidation increased, while % G-amidation decreased in patients vs controls 
(Table 4) as well as in medium-MELD vs low-MELD (Table 5) and decompensated vs 
compensated patients (Table 6). The preferential accumulation of T-amidated BA can 
be interpreted as an adaptive compensating response to protect the liver from BA 
toxicity by increasing elimination of the more toxic G-amidated and unamidated 
compared to the less toxic T-amidated BA[9,26,47]. In addition, T-amidated BA has the 
highest affinity as substrates for the canalicular transporter, Bile Salt Export Pump 
(BSEP) (T-amidated > G-amidated > unamidated BA)[48-50]. Therefore, an impairment of 
the BA transport by BSEP, as documented in some cholestatic diseases[51-53], is expected 
to preferential accumulation T-amidated BA.

Both sulfated and unsulfated BA were higher in patients (Table 4), but % sulfation 
was slightly higher in medium- compared with low-MELD and in decompensated 
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Table 8 Bile acids concentrations and indices in controls and patients with specific liver disease subtype1

Controls Hepatitis 
C

Hepatitis 
B

Laennec 
cirrhosis

Primary biliary 
cholangitis

Primary sclerosing 
cholangitis

Autoimmune 
Hepatitis

α-1 antitrypsin 
deficiency NASH Carcinoma Cryptogenic 

cirrhosis
Elevated 
LFT

n = 103 n = 71 n = 15 n = 117 n = 12 n = 17 n = 27 n = 6 n = 56 n = 26 n = 11 n = 22
BA (µmol/L) or BA 
indices

mean SE mean SE mean SE mean SE mean SE mean SE mean SE mean SE mean SE mean SE mean SE mean SE

Total BA 9.30 0.33 53.3a 9.96 13.7a 5.23 62.0a 9.44 237a 69.8 124a 27.4 71.9a 15.2 25.4a 6.79 29.8a 4.31 90.9a 26.7 56.0a 16.3 106a 69.3

Total CDCA 2.52 0.13 27.0a 4.89 6.76a 4.16 30.0a 4.25 28.6a 9.99 39.4a 10.7 29.2a 8.46 9.14a 3.12 13.6a 2.33 31.9a 8.76 27.7a 7.39 31.3a 18.8

Total CA 0.44 0.03 3.05a 0.54 1.16a 0.70 4.00a 1.02 5.07a 2.27 6.47a 2.25 1.96a 0.39 2.44a 0.85 1.65a 0.23 3.54a 1.11 2.70a 0.59 5.55a 3.09

% DCA 31.1 0.68 16.2a 1.27 19.9a 3.26 13.1a 0.95 7.99a 2.22 9.01a 1.86 15.6a 1.43 18.9 4.23 15.7a 1.22 14.9a 1.43 7.93a 2.68 17.4a 3.07

% HDCA 0.07 0.01 0.02a 0.00 0.06 0.02 0.02a 0.01 0.03 0.02 0.01 0.00 0.02 0.00 0.03 1.21 0.05 0.01 0.06 0.02 0.04 0.03 0.05 0.04

% MDCA 0.64 0.04 0.19a 0.04 0.38 0.08 0.16a 0.03 0.15a 0.07 0.18a 0.06 0.22a 0.05 0.38 0.16 0.49 0.21 0.16a 0.05 0.07a 0.01 1.34 0.98

Total G-amidated 7.59 0.29 44.8a 9.11 11.6a 4.52 50.8a 8.26 210a 60.4 106a 24.0 61.8a 13.5 16.3a 4.58 26.0a 4.01 78.1a 24.5 49.2a 14.9 86.8a 58.2

Total unsulfated 0.94 0.05 7.69a 1.43 1.62a 0.38 7.94a 1.21 17.6a 8.66 6.21a 1.13 6.06a 1.44 3.82a 1.21 4.64a 0.65 13.0a 3.16 3.58a 0.58 13.0a 9.22

Total sulfated 8.35 0.31 45.6a 8.73 12.1a 4.96 54.1a 8.59 219a 62.0 117a 26.5 65.9a 14.7 21.6a 6.11 25.2a 4.04 77.9a 24.2 52.4a 16.0 92.9a 60.2

Total di-OH 7.30 0.29 41.0a 7.98 10.6a 4.41 49.05a 7.97 214a 62.50 111a 25.9 60.9a 13.7 15.9a 4.72 23.2a 3.87 71.9a 23.0 50.3a 16.0 91.0a 61.0

Total tri-OH 0.82 0.04 8.61a 1.63 1.82a 0.80 8.59a 1.54 12.48a 6.02 9.28a 2.44 4.83a 0.76 5.24a 1.83 4.27a 0.66 13.8a 3.62 3.92a 0.65 10.8a 6.50

Total non-12α-OH 5.67 0.20 41.8a 7.46 10.3a 4.52 50.8a 7.85 224a 66.9 113a 26.5 62.3a 14.2 19.4a 5.59 23.8a 3.74 75.7a 22.1 51.1a 16.1 94.7a 66.1

12α-OH/non12α-OH 0.65 0.02 0.37a 0.05 0.51 0.08 0.31a 0.02 0.15a 0.05 0.29a 0.05 0.33a 0.04 0.40 0.07 0.34a 0.02 0.28a 0.03 0.22a 0.05 0.37a 0.06

% 12α-OH 36.7 0.62 22.8a 1.28 31.1 2.9 21.3a 1.0 10.8a 2.69% 18.8a 2.6 22a 1.69 27.1 3.18 23.5a 1.14 20.6a 1.55 16.2a 2.88 24.8a 2.8

% non-12α-OH 63.3 0.62 77.2a 1.28 68.9 2.9 78.7a 1.0 89.2a 2.69 81.2a 2.6 78.0a 1.69 72.9 3.18 76.5a 1.14 79.4a 155 83.8a 2.88 75.2a 2.8

Total primary 3.34 0.15 35.6a 6.23 8.58a 4.93 38.6a 5.47 41.1a 15.6 48.6a 12.6 34.1a 8.91 14.4a 4.33 17.9a 2.70 45.7a 12.1 31.6a 7.89 42.1a 23.9

Primary/secondary 0.69 0.03 3.70a 0.55 1.52a 0.59 4.33a 0.60 0.30 0.10 2.88a 0.68 2.09a 0.60 1.26 0.26 2.28a 0.30 2.32a 0.40 6.43a 2.09 1.70a 0.43

% Primary 36.7 0.70 60.2a 1.99 47.0a 3.93 60.9a 1.7 18.0a 2.97 51.6a 5.09 50.1a 2.77 50.3 5.43 52.8a 2.21 56.1a 3.25 68.2a 5.80 49.3a 4.6

% Secondary 63.3 0.70 39.8a 1.99 53.0a 3.93 39.1a 1.7 82.0a 2.97 48.4a 5.09 49.9 a 2.77 49.7 5.43 47.2a 2.21 43.9a 3.25 31.8a 5.80 50.7a 4.6

1Bile acids with receiver operating characteristic (ROC)-areas under the ROC curve > 0.7 were included in this table.
aSignificant difference between each specific liver disease subtype vs controls (P < 0.05).
BA: Bile acids; G: Glycine; CDCA: Chenodeoxycholic acid; CA: Cholic acid; DCA: Deoxycholic acid; HDCA: Hyodeoxycholic acid; MDCA: Murideoxycholic acid.
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compared with compensated patients (Tables 5 and 6). The upregulation of sulfation of 
BA by SULT2A1 in patients with liver diseases is thought as a compensatory response 
to eliminate and detoxify the accumulated toxic BA[8-13,54,55]. However, it is also possible 
that sulfation activity in these patients may eventually decrease due to exhaustion or 
defects of these recovery mechanisms. Therefore, while liver insults can be remediated 
by upregulating BA sulfation under normal conditions and in milder forms of liver 
diseases, but subjects who fail to upregulate this defensive mechanism or exhaust it 
under more severe forms of the diseases are at higher risk of developing the disease 
and/or may have worse prognosis[26]. Another explanation for the preferential 
accumulation of BA-sulfates could be related to the inhibition of their canalicular 
transport into bile by efflux transporters, mainly the multidrug resistance-associated 
proteins 2-4 (MRP 2-4). These transporters preferentially transport divalent amidated 
and conjugated (sulfated and glucuronidated) BA[56-59]. MRPs including MRP2 activity 
is known to be compromised in various cholestatic liver diseases due downregulation 
of their expression and/or membrane localization[60-62], which may lead to the 
preferential retention of their substrates including BA-sulfates in the liver and systemic 
circulation.

CYP8B1 catalyzes 12α-hydroxylation of the di-OH CDCA to the tri-OH CA. The 
CA/CDCA or the 12α-OH/non-12α ratios are used as probes to measure CYP8B1 
activity[63-65]. The 12α-OH/non-12α-OH ratio was 50% lower in patients compared with 
controls (Table 4). Also, both ratios were lower in medium-MELD vs low-MELD as 
well as decompensated vs compensated patients (Tables 5 and 6). This indicates that 
CYP8B1 activity, which exclusively takes place in the liver[66,67], may be compromised 
during liver diseases in general and is further compromised with disease severity. 
Also, CDCA has a much higher affinity to BSEP than CA and other 12α-OH BA[49,68]. 
Therefore, when BSEP activity is compromised in the more severe liver diseases, it is 
expected to lead to the preferential accumulation of its high-affinity substrates 
including CDCA, which will also decrease the CA/CDCA and 12α-OH/non-12α 
ratios.

Many BA concentrations and indices demonstrated AUC > 0.7 supporting their 
potential as biomarkers for the diagnosis of liver diseases (Supplementary Table 3). We 
identified three potential cut-off values, which achieve a good balance between 
specificity and sensitivity (Supplementary Table 5). BA indices have higher AUC 
values than the absolute BA concentrations, which indicates that BA indices are more 
accurate in distinguishing between controls and patients.

We found correlation between the risk of developing a liver disease and many BA 
indices using logistic regression analysis (P < 0.05). The univariate logistic regression 
associated with a 20% change from the mean value for the absolute BA concentrations 
ranged from 1.11 to 1.18, whereas it was as high as 2.72 for BA indices (Table 7). This 
suggests that BA indices are more sensitive than absolute BA concentrations in terms 
of predicting larger magnitudes of the risk of developing a liver disease.

All the above analyses demonstrate that BA indices can serve as a global marker to 
differentiate the pooled cholestatic liver disease population from controls in this study. 
In addition, we have divided the patients into different individual disease groups and 
performed similar analyses in these groups vs. controls, for the individual diseases. 
Most BA indices with ROC-AUC > 0.7 were significantly different between controls vs 
most of the individual liver disease subtypes (Table 8). In particular, hepatitis C and 
cirrhosis were the largest subpopulations in our study, and all global diagnostic BA 
indices from the pooled patients vs. control analyses (P < 0.05 and ROC-AUC > 0.7) 
were also specific diagnostic markers for these two particular liver diseases vs. 
controls (P < 0.05).

We have found a significant correlation between BA indices and non-BA 
parameters, except creatinine (P > 0.05) (Supplementary Table 8). However, BA 
indices, in general, outperformed non-BA parameters as biomarkers for liver diseases 
on many levels. Non-BA parameters were 0.76-fold to 2.5-fold higher (Table 9), 
whereas BA indices were as high as approximately 12-fold higher (total UDCA) in 
patients compared to controls (Table 4). Similarly, the magnitude of change within the 
MELD groups, compensation status, and among individual diseases were all much 
higher in BA vs non-BA.

This study has the following limitations: (1) Severity of the liver diseases were 
assessed using MELD score, compensation status, and a panel of liver enzymes. 
However, liver histological evaluation was not included because it is not a routine 
practice to perform liver histology on all patients, but rather for specific patients as 
required by the hepatologists. And (2) we have enough subjects in this study to 
perform solid statistics, but smaller number of subjects in many individual disease 
subgroups. Also, distribution of subjects between disease groups was unbalanced.

http://f6publishing.blob.core.windows.net/07067e94-b64f-4664-982d-1e0d11f4cc84/WJH-13-433-supplementary-material.pdf
http://f6publishing.blob.core.windows.net/07067e94-b64f-4664-982d-1e0d11f4cc84/WJH-13-433-supplementary-material.pdf
http://f6publishing.blob.core.windows.net/07067e94-b64f-4664-982d-1e0d11f4cc84/WJH-13-433-supplementary-material.pdf
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Table 9 Summary of non-bile acids parameters

Patients ROC1

Controls
Pooled Low-MELD Medium-MELD Compensated DecompensatedNon-BA parameters

mean SE mean SE mean SE mean SE mean SE mean SE
AUC

Creatinine (mg/dL) 0.87 0.01 0.99 0.05 0.93 0.07 1.33b 0.16 1.05 0.15 1.05 0.06 0.539

Albumin (g/dL) 3.96 0.02 3.61a 0.03 3.61 0.03 2.82b 0.10 3.69 0.04 3.03c 0.06 0.713

INR 0.99 0.01 1.18a 0.02 1.11 0.01 1.63b 0.10 1.15 0.03 1.36c 0.03 0.758

Protime (s) 13.4 0.10 10.2a 0.33 13.6 0.13 19.4b 0.98 11.2 0.52 13.7c 0.64 0.591

AST (U/L) 22.8 0.34 53.2a 2.31 52.1 2.59 79.2b 10.4 52.6 3.97 61.7 4.85 0.876

ALT (U/L) 21.0 0.46 51.0a 2.60 51.0 3.24 46.0 5.54 49.0 4.09 40.6 3.55 0.825

Bilirubin (mg/dL) 0.62 0.03 1.58a 0.09 1.31 0.05 5.02b 0.68 1.42 0.12 3.04c 0.29 0.804

AST/ALT 1.15 0.01 1.22 0.02 1.21 0.03 1.79b 0.09 1.21 0.04 1.61c 0.05 0.500

MELD 7.13 0.10 10.3a 0.24 9.07 0.16 18.9 0.42 9.54 0.37 14.0c 0.46 0.747

APRI NA NA 0.93 0.06 1.05 0.07 2.44b 0.42 0.94 0.08 1.63c 0.18 NA

1Areas under the receiver operating characteristic curve from receiver operating characteristic analysis of pooled patients vs controls.
aSignificant difference between patients vs controls (P < 0.05).
bSignificant difference between medium-model for end-stage liver disease vs low-model for end-stage liver disease groups (P < 0.05).
cSignificant difference between decompensated vs compensated patients (P < 0.05).
NA: Not available; BA: Bile acids; MELD: Model for end-stage liver disease; INR: International normalized ratio; ALT: Alanine aminotransferase; AST: Aspartate aminotransferase; APRI: Aspartate aminotransferase/platelet ratio index; 
ROC: Receiver operating characteristic curve; AUC: Areas under the receiver operating characteristic curve.

CONCLUSION
In summary, the results of this study demonstrated that total and all individual BA 
increased in patients with 11 different cholestatic diseases. However, the high inter-
individual variability of BA absolute concentrations makes most of them statistically 
insignificant and prevent their utilization as diagnostic markers. In contrast, BA 
indices had much lower inter- and intra-individual variability, which allowed their use 
as diagnostic and prognostic markers for liver diseases. Furthermore, we have shown 
that several BA indices outperformed non-BA markers, currently used in the clinic, as 
diagnostic markers to differentiate our patient pool as well as individual cholestatic 
diseases against healthy controls.

The increase in the total BA concentration in patients can be attributed to specific 
changes in the BA pool composition. This increase primarily resulted from primary BA 
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Figure 1 Receiver operating characteristics curves of bile acids concentrations and indices with area under the receiver operating 
characteristics curve > 0.7. The area under the receiver operating characteristics curve (AUC) for differentiating patients from healthy controls. The scale of both 
the Y-axis (sensitivity) and the X-axis (1-specificity) is 0-1. Bile acids (BA) indices are higher in patients vs. controls, and the positive actual state was patients except 
the ones annotated with “*”, where BA indices were lower in patients compared to controls. For these BA indices, “1-AUC” instead of “AUC” was calculated. AUC: 
Area under the receiver operating characteristics curve; BA: Bile acids; CDCA: Chenodeoxycholic acid; CA: Cholic acid; DCA: Deoxycholic acid; HDCA: 
Hyodeoxycholic acid; MDCA: Murideoxycholic acid; G: Glycine.

(CDCA, CA, and HCA), while the % of the secondary BA (LCA and DCA) were lower. 
This lead to about 4-fold increase in the primary/secondary BA ratio. Consequently, 
the BA pool has drastically shifted in patients from being 37% primary to 
approximately 50% primary BA. The increase in T-amidated BA was more profound 
than that of G-amidated BA, which lead to a marked increase in the % T-amidation. 
Furthermore, this trend of elevated primary and amidated BA was exacerbated with 
disease severity. This pattern can be a sign of less transformation of primary into 
secondary and less deconjugation of amidated BA by intestinal bacteria associated 
with more impairment of bile flow associated with more severe cholestatic diseases. % 
Sulfation was higher in patients with more severe forms of liver diseases indicating the 
upregulation of sulfation in these patients as a compensatory response to detoxify BA 
accumulation. Finally, the increase in non-12α-OH was more profound than that of 
12α-OH BA, which indicates that hepatic CYP8B1 activity is compromised in liver 
diseases in general and is further compromised with disease severity.
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In the 2nd paper of this series, we have utilized BA indexes to build a survival model 
called “The Bile Acid Score”, which we showed was able to predict the prognosis into 
adverse events including death and liver transplant in liver patients.

ARTICLE HIGHLIGHTS
Research background
Bile acids (BA) have been extensively investigated for decades as biomarkers for 
numerous hepatobiliary diseases. However, these efforts never translated into a 
widespread in the clinic, due to the extreme inter-and intra-individual variability of 
total and individual BA concentrations and the marked differences in the physiological 
and pathological properties of the different individual BA. To this end, we have 
developed the concept of “BA indices”, which demonstrated their use as diagnostic 
biomarkers for cholestatic liver diseases.

Research motivation
Biomarkers currently used in the clinic are not specific to the liver or bile duct injurie. 
BA were extensively investigated for decades as biomarkers for numerous 
hepatobiliary diseases. This could be attributed to the marked differences in the 
physiological and pathological properties of the different individual BA. BA indices 
have much lower variability than the absolute BA concentrations used to calculate 
them. Indeed, we have demonstrated that BA indices offered numerous advantages 
over absolute total and individual BA concentrations including low inter- and intra-
individual variability and were resistant to covariate influences such as age, gender, 
body mass index, food consumption, and moderate alcohol consumption.

Research objectives
The objective of this project was to discover and validate diagnostic biomarkers of 
cholestatic liver diseases based on the urinary BA profile. We have developed the 
concept of “BA indices”, which are ratios calculated from the absolute concentrations 
of individual BA and their metabolites. BA indices have much lower variability than 
the absolute BA concentrations used to calculate them, which enabled their use as 
diagnostic biomarkers for cholestatic liver diseases.

Research methods
We analyzed urine samples by liquid chromatography-tandem mass spectrometry and 
compared the urinary BA profile between patients with hepatobiliary diseases vs 
healthy controls by statistical analysis (independent sample-t-test, Mann-Whitney test, 
Mixed effects models, by pairwise comparisons using Bonferroni’s adjustment, 
receiver operating characteristic curve analyses, Univariate and multivariate logistic 
regression analysis).

Research results
The results of this study demonstrated that total and all individual BA increased in 
patients with 11 different cholestatic diseases. However, the high inter-individual 
variability of BA absolute concentrations makes most of them statistically insignificant 
and prevent their utilization as diagnostic markers. In contrast, BA indices had much 
lower inter- and intra-individual variability, which allowed their use as diagnostic and 
prognostic markers for liver diseases. Furthermore, we have shown that several BA 
indices outperformed non-BA markers, currently used in the clinic, as diagnostic 
markers to differentiate our patient pool as well as individual cholestatic diseases 
against healthy controls.

Research conclusions
BA indices demonstrated high area under the receiver operating characteristic curves, 
and changes of BA indices were associated with the risk of having a liver disease as 
determined by the logistic regression analysis, which demonstrated their use as 
diagnostic biomarkers for cholestatic liver diseases.

Research perspectives
We have developed survival models based on BA indices to predict the prognosis of 
hepatobiliary diseases which is illustrated in the second paper of this series.
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