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Abstract

Background

Paritaprevir inhibits organic anion—transporting polypeptide (OATP)1B1 and OATP1B3,
which transport bilirubin. Hyperbilirubinemia is an adverse event reported during hepatitis C
treatment. Gadoxetic acid is also transported by OATP1B1/1B3. We evaluated whether the
enhancement effect in gadoxetic acid—enhanced magnetic resonance (MR) imaging could
predict the plasma concentration of paritaprevir and might anticipate the development of
hyperbilirubinemia.

Methods

This prospective study evaluated 27 patients with hepatitis C who underwent gadoxetic
acid—enhanced MR imaging prior to treatment with ombitasvir, paritaprevir, and ritonavir.
The contrast enhancement index (CEl), a measure of liver enhancement during the hepato-
biliary phase, was assessed. Plasma trough concentrations, and concentrations at 2, 4, and
6 h after dosing were determined 7 d after the start of treatment.

Results

Seven patients (26%) developed hyperbilirubinemia (> 1.6 mg/dl). Paritaprevir trough con-
centration (Cyougn) Was significantly higher in patients with hyperbilirubinemia than in those
without (p=0.022). We found an inverse relationship between CEl and Cyoygn (r=0.612,
p=0.001), while there was not a significantly weak inverse relationship between AUCq_¢ 1,
and CEIl (r=-0.338, p=0.085). The partial correlation coefficient between CEIl and Cyougn
was -0.425 (p = 0.034), while excluding the effects of albumin and the FIB-4 index. Receiver
operating characteristic (ROC) curve analysis showed that the CEl was relatively accurate
in predicting hyperbilirubinemia, with area under the ROC of 0.882. Multivariate analysis
showed that the CEI < 1.61 was the only independent predictor related to the development

PLOS ONE | https://doi.org/10.1371/journal.pone.0196747  April 30, 2018

1/13


https://doi.org/10.1371/journal.pone.0196747
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0196747&domain=pdf&date_stamp=2018-04-30
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0196747&domain=pdf&date_stamp=2018-04-30
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0196747&domain=pdf&date_stamp=2018-04-30
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0196747&domain=pdf&date_stamp=2018-04-30
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0196747&domain=pdf&date_stamp=2018-04-30
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0196747&domain=pdf&date_stamp=2018-04-30
https://doi.org/10.1371/journal.pone.0196747
https://doi.org/10.1371/journal.pone.0196747
http://creativecommons.org/licenses/by/4.0/

@° PLOS | ONE

Gd-EOB-DTPA MR imaging predicts paritaprevir-induced hyperbilirubinemia

of hyperbilirubinemia, with an odds ratio of 9.08 (95% confidence interval 1.05-78.86, p =
0.046).

Conclusions

Hepatic enhancement with gadoxetic acid was independently related to paritaprevir concen-
tration and was an independent pretreatment factor in predicting hyperbilirubinemia.
Gadoxetic acid—enhanced MR imaging can therefore be useful in determining the risk of
paritaprevir-induced hyperbilirubinemia.

Introduction

Hepatitis C virus (HCV) is one of the main causes of chronic liver disease, affecting 160-180
million people worldwide [1, 2]. In Japan, about 2 million people are infected with HCV, and
HCV genotypes 1b, 2a, and 2b are responsible for approximately 70%, 20%, and 10% of the
infections, respectively [3].

The regimen of ombitasvir, paritaprevir, and ritonavir (OBV/PTV/r) without or with riba-
virin has been available in Japan since 2015 and 2016, respectively [4, 5]. Ritonavir is included
for its booster effect on paritaprevir by cytochrome P450 3A inhibitor. Paritaprevir, a non-
structural (NS)3/4A protease inhibitor, is mainly eliminated via hepatobiliary excretion. It is
carried into the hepatocyte by hepatic transporters including organic anion-transporting poly-
peptides (OATP)1B1 and OATP1B3, located at the sinusoidal membranes of hepatocytes.
These transporters also carry unconjugated bilirubin [6, 7]. Subsequently, paritaprevir is elimi-
nated via breast cancer resistance protein, located at the canalicular membranes of hepatocytes
[7-9]. During treatment, however, a mild to moderate increase in serum bilirubin concentra-
tion, which is related to the inhibition of bilirubin transporters, has been observed in some
cases [5, 6, 8, 10]. Clinically, in patients receiving paritaprevir, 23% had elevation in total bili-
rubin (> 2.25 mg/dl), mainly indirect (unconjugated) bilirubin levels, without elevations in
liver enzymes during the regimen of paritaprevir/ritonavir, ombitasvir, and dasabuvir with or
without ribavirin [10].

Various direct antiviral agent (DAA) regimens are rapidly evolving for patients with
chronic HCV infection, and serological viral response has progressed [11]. Safety is the
other necessary element in anti-HCV therapy. Not all patients are able to tolerate the treat-
ment because of adverse events. Potential drug-bilirubin interaction, one type of adverse
event during therapy, can occur with NS3/4A protease inhibitors such as paritaprevir. This
issue remains an important aspect of management in DAA therapy [12]. Paritaprevir-
induced hyperbilirubinemia is presumably caused by the inhibitory effect of the drug on
OATP1B1/1B3 [10]. Nevertheless, there are few reports describing these interactions in clin-
ical practice and the relationship between the plasma concentration and the development of
hyperbilirubinemia.

Interindividual variability in the gene encoding OATP transporters can lead to interindi-
vidual differences in pharmacokinetics. Gadoxetic acid (gadolinium-ethoxybenzyl-diethylene-
triamine pentaacetic acid, Gd-EOB-DTPA), a liver-specific magnetic resonance (MR) contrast
agent, is also a substrate of OATP1B1 and OATP1B3 [13]. Recent studies have suggested that
enhancement of background liver by Gd-EOB-DTPA may be influenced not only by liver
function but also by polymorphisms in the genes encoding OATPs [14, 15].
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We therefore hypothesized that quantitative assessment of hepatic parenchymal enhance-
ment by Gd-EOB-DTPA in MR imaging could predict the pharmacokinetics of paritaprevir
and may anticipate the development of hyperbilirubinemia. To test this hypothesis, we investi-
gated hepatic enhancement by Gd-EOB-DTPA, plasma paritaprevir concentration, and biliru-
bin increase in patients with hepatitis C who had undergone treatment with the regimen of
OBV/PTV/r.

Materials and methods
Patients and treatments

This was a single-center, exploratory, prospective study. The study was approved by both the
ethical review board of Juntendo University Faculty of Medicine (Jundai-Irin No-2016135)
and the Ethics Committee for Human Genome/Gene Analysis Research at Kanazawa Uni-
versity Graduate School of Medical Sciences (No. 2016-004, serial No. 432) and was carried
out in accordance with the 1964 Declaration of Helsinki and its later amendments. The study
was also registered with UMIN clinical trials as UMIN000022587. Written informed consent
was obtained from all patients before enrollment. The study enrolled adult patients with
HCV genotype 1b chronic hepatitis or compensated liver cirrhosis using OBV/PTV/r (VIE-
KIRAX"™; AbbVie, Inc., North Chicago, Illinois, USA) at Juntendo University Nerima Hos-
pital. Analysis of resistance-associated variations of the NS5A Y93H substitutions in the
baseline sequence was performed in a commercial laboratory (SRL, Inc., Tokyo, Japan), and
the patients with the mutant type of NS5A Y93H were excluded. Patients with renal dysfunc-
tion (estimated glomerular filtration rate < 40 ml/min/1.73 m?) were excluded. A precaution
in OBV/PTV/r treatment is coadministration of statin medications. Patients taking simva-
statin and atorvastatin were excluded; no other patients were taking any other type of statin.
Consequently, this study involved 27 consecutive Japanese patients (8 males and 19 females),
with ages ranging from 30 to 83 years, treated between June 2016 and July 2017. Twenty
patients with chronic hepatitis and seven patients with liver cirrhosis were included. All
patients were treated with OBV/PTV/r, at a dose of 25/150/100 mg, administered orally once
daily.

Gd-EOB-DTPA-enhanced MR imaging was undertaken and laboratory data obtained
within 2 weeks before starting treatment. In patients taking ursodeoxycholic acid, a substrate
of OATP1B1 and OATP1B3 [16], the medication was discontinued before undergoing the
MR imaging and starting the antiviral therapy. The FIB-4 index, a measure of liver fibrosis,
was also determined before treatment [17]. Serum total and unconjugated bilirubin concentra-
tions were monitored throughout the course of antiviral therapy, and toxicities related to
hyperbilirubinemia were graded according to World Health Organization (WHO) toxicity
grades. Hyperbilirubinemia was defined as a total bilirubin concentration > 1.6 mg/dl (WHO
Grade > 2).

Fasting steady-state plasma trough concentrations (Ci;ougn) of paritaprevir were determined
from blood samples obtained 7 d after the start of treatment. The patients were given the same
breakfast of 338 kcal, with 15% of calories from protein, 60% from fat, and 25% from carbohy-
drates. After the meal, the patients took the drugs orally. Paritaprevir concentrations at 2, 4,
and 6 h after dosing were determined. Blood samples were centrifuged within 30 min at 1,500
rpm for 10 min at 4°C, and plasma concentrations of paritaprevir were determined using liq-
uid chromatography-tandem mass spectrometry, as described [18]. The area under the plasma
concentration curve from 0 to 6 h (AUC,_g 1,) of paritaprevir after dosing was calculated using
the trapezoidal rule.
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MR analysis

All patients underwent MR imaging with the 1.5T Signa Excite ™ HD system (GE Healthcare,
Waukesha, WI, USA) and an eight-channel, phased-array body coil. The section thickness was
2.2 mm. The imaging protocol consisted of T1-weighted, fat-suppressed 3D gradient-recalled
echo sequences using parallel imaging with phased-array uniformity enhancement (repetition
time 4.0 ms; echo time 1.9 ms; flip angle 15°; matrix 352 x 224; field of view 400 x 360 mm;
acquisition time 19 s).

After obtaining precontrast scans, Gd-EOB-DTPA (0.1 ml/kg body weight; EOB Primo-
vist™/Eovist™ injection; Bayer HealthCare, LLC, Whippany, New Jersey, USA) was given
intravenously, as a bolus at a rate of 3 ml/s. At 20 min after administration, hepatobiliary
images were taken in the transverse plane and quantified using a contrast enhancement
index (CEI) [19, 20], with the number of measurement areas modified [21]. Briefly, precon-
trast and hepatobiliary MR images were displayed using the FuncTool™ software (GE Health-
care) accompanying the imager, and 100- to 150-mm” regions of interest (ROIs) of the
bilateral major psoas muscles and 12 points of the liver excluding large vessels, hepatic cysts,
and prominent artifacts were selected [22]. The ROIs were identified by a combination of
Couinaud’s segments (S1-S8) and zonal locations (central and peripheral) as follows: S1,
central; S2, central; S2, peripheral; S3, central; S3, peripheral; S4, central; S4, peripheral; S5,
central; S6/7, central; S6, peripheral; S7, peripheral; and S8, peripheral [21]. The liver to
major psoas muscle ratios (LMRs), based on average signal intensities (SIs), were determined
before (SI,.) and at 20 min (SI,) after Gd-EOB-DTPA administration. ROIs of the same
shape and size were placed at the same points on axial images before and after the adminis-
tration, and CEI was calculated as LMR;o/LMR,.. Analyses were independently made by
two radiologists (Y.O. and M.A.), who were not authors and had more than 15 years of expe-
rience each in liver MR imaging. The average value of all SIs measured by the two radiolo-
gists were used for quantitative analysis of the CEI.

Statistical analysis

Pearson correlations were performed to determine the associations between pairs of vari-
ables, after the data were tested for normal distribution by the Shapiro-Wilk normality test.
Because of the nonnormality of the paritaprevir Cy,ugh, natural logarithmic transformation
was used in the analysis to satisfy the requirement for normality. The independent contribu-
tion of each variable to the CEI was determined by calculating the partial correlation coeffi-
cient between CEI and Cyyoygh, while excluding the effects of serum albumin and the FIB-4
index. Differences in continuous variables were compared with the paired t-test after the
data were tested for normal distribution by the Shapiro-Wilk normality test. Fisher’s exact
test was used to compare categorical data. These statistical analyses were performed using
SPSS Statistics for Windows, Version 22 (IBM Corp., Tokyo, Japan). The cut-off value of
CEI for the prediction of hyperbilirubinemia was calculated using a receiver operating
characteristic (ROC) curve. Variables of pretreatment with p values < 0.25 in the univariate
analysis were re-evaluated by multiple logistic regression analysis to identify the factors asso-
ciated with the development of hyperbilirubinemia. We evaluated the predictive perfor-
mance of the analysis by assessing fit index by the use of Akaike’s Information Criterion and
area under the ROC (AUROC) curve. All AUROC:s were presented with 95% confidence
intervals (CIs). These statistical analyses were performed using StatFlex, Version 6 (Artech
Co., Ltd., Osaka, Japan). All tests were two-sided, and p values < 0.05 were considered statis-
tically significant.
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Table 1. Patient characteristics.

Characteristic N=27
Male/female 8/19

Age median, years (range) 75 (30-83)
Weight median, kg (range) 53 (29-100)
Chronic hepatitis/liver cirrhosis 20/7
Total bilirubin median, mg/dl (range) 0.6 (0.4-1.4)
Indirect bilirubin median, mg/dl (range) 0.4 (0.1-1.0)
Albumin median, g/dl (range) 4.1 (3.5-5.0)
Prothrombin time median, INR (range) 1.05 (0.93-1.2)
Platelets median, x 10%/L (range) 15.9 (6.6-27.0)
Alanine aminotransferase median, IU/L (range) 35 (14-126)
FIB-4 index median (range) 3.24 (0.64-10.96)

https://doi.org/10.1371/journal.pone.0196747.t001

Results

Baseline characteristics and bilirubin increase during therapy

A total of 27 Japanese patients were enrolled in the study. The baseline characteristics of all
patents included in this study are shown in Table 1. Their baseline median total bilirubin con-

centration was 0.6 mg/dl (range 0.4-1.4 mg/dl).

During the 12-week course of treatment, seven patients (26%) had total bilirubin
concentrations > 1.6 mg/dl, equivalent to WHO toxicity Grade > 2 (Fig 1). Of these seven

Treatment period (weeks)

Fig 1. Individual time course of serum bilirubin concentration in seven patients treated with paritaprevir who developed hyperbilirubinemia
(> 1.6 mg/dl). Black line, total bilirubin; gray dotted line, direct bilirubin.

https://doi.org/10.1371/journal.pone.0196747.g001
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patients, one had a maximum total bilirubin concentration of 3.2 mg/dl, followed by 2.4, 2.1,
1.9,1.8, 1.7, and 1.6 mg/dl, equivalent to Grades 2-3. Their unconjugated bilirubin concentra-
tions were 2.1, 1.3, 0.8, 1.4, 1.4, 1.1, and 1.3 mg/d], respectively.

The seven patients showed an improvement in bilirubin levels without cessation of the anti-
viral regimen or need for decreased dosage. None of the patients had concomitant abnormali-
ties in aminotransferase levels.

Pharmacokinetic study and relationships between pharmacokinetic
parameters of paritaprevir and liver function variables

The pharmacokinetic studies of paritaprevir plasma concentration 7 d after the start of treat-
ment are shown in Fig 2. Subsequently, as illustrated in Fig 3, the Cyougn Of paritaprevir
showed significant negative correlations with CEI (r = —0.612, p = 0.001), and serum albumin
concentration (r = —0.445; p = 0.020), as well as a significant positive correlation with the FIB-
4 index (r = 0.666; p < 0.001). The AUC,_4 1, showed significant positive correlation with the
FIB-4 index (r = 0.439; p = 0.022). In contrast, there was not a significantly weak inverse rela-
tionship between AUC,_g 1, and CEI (r = —0.338, p = 0.085). Only in cirrhotic patients as a
subanalysis, the Cy;ough of paritaprevir showed significant negative correlations with CEI (r =
—0.943, p = 0.001). Correlation coefficients and partial correlation coefficients between the

2 4 6
Time (h)

Fig 2. Time profile of plasma paritaprevir concentration 7 d after the start of treatment in each patient (trough concentration, concentration at 2
h, 4 h, and 6 h after dosing). Gray line, patients without hyperbilirubinemia (N = 20); black dotted line, patients with hyperbilirubinemia (N = 7).

https://doi.org/10.1371/journal.pone.0196747.9002
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Fig 3. Relationship between pharmacokinetic parameters of paritaprevir and CEI 20 (A, D); FIB-4 index (B, E); and serum albumin
concentration (C) in all patients and relationship between trough concentration of paritaprevir and CEI 20 in cirrhotic patients (F). Black
triangle, patients without hyperbilirubinemia; open triangle, patients with hyperbilirubinemia. AUC,_gp,, area under the blood concentration-time
curve 0-6 h; CEI 20, contrast enhancement index at 20 min; Cough, trough concentration.

https://doi.org/10.1371/journal.pone.0196747.9003

Cirough of paritaprevir and variables such as CEI, albumin, and the FIB-4 index are shown in
Table 2. The partial correlation coefficient between CEI and Cy;oygn was —0.425 (p = 0.034).

Variables associated with the development of hyperbilirubinemia and ROC
curve analysis

As shown in Table 3, the Cyyougp Of paritaprevir was significantly higher in patients with hyper-
bilirubinemia (p = 0.022) compared with those without hyperbilirubinemia, while there was
no significant difference in the AUC_g4 1, of paritaprevir between the two groups (p = 0.278).
In terms of pretreatment parameters, the CEI was significantly lower in patients with hyperbi-
lirubinemia (p = 0.002) compared with those without hyperbilirubinemia. In contrast, there
were no significant differences between these two groups in serum albumin level (p = 0.173),
indirect bilirubin (p = 0.173), or the FIB-4 index (p = 0.278).

ROC curve analysis

An ROC curve analysis was generated and the area under the curve (and its 95% CI) calculated
for predicting the development of hyperbilirubinemia (Table 4). ROC analysis revealed that
CEI < 1.61, serum albumin < 4.2 g/dl, and indirect bilirubin > 0.5 mg/dl at baseline were the
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Table 3. Variables in patients without and with hyperbilirubinemia before and during treatment.

Table 2. Correlation coefficients and partial correlation coefficients between variables.

Alb FIB-4 Index CEI 20 Logi0 Cirough
Alb -- —-.583* 361 —.445"*
FIB-4 index —.418* -- —-.503"* .666"*
CEI 20 —-.064 -.120 -- —.612**
Logi0 Cirough -.057 0.452* —.425* --

Alb, albumin; CEI 20, contrast enhancement index at 20 min; Cyrougn, trough concentration (of paritaprevir).

The upper right shows correlation coefficients, and lower left shows partial correlation coefficients.

* p < 0.05,
**p <001

https://doi.org/10.1371/journal.pone.0196747.t002

best cutoff values to predict the development of paritaprevir-induced hyperbilirubinemia. Spe-
cifically, the CEI was highly accurate in predicting hyperbilirubinemia (AUROC 0.882, 95% CI
0.754-1.000, sensitivity 71.4%, specificity 75.0%, positive predictive value 50.0%, and negative

predictive value 88.2%).

Variable Without hyperbilirubinemia (N = 20) With hyperbilirubinemia (N = 7) p value

Pretreatment
Age, years 68 £13 72+£19 0.556
Weight, kg 53.8+154 51.9+8.4 0.749
CH/LC 16/4 4/3 0.328
Total bilirubin, mg/dl 0.74 £ 0.32 0.64 = 0.21 0.461
Indirect bilirubin, mg/dl 0.49 +0.25 0.37 +0.15 0.173
Albumin, g/dl 4.2 +0.35 4.0+0.33 0.173
Prothrombin time, INR 1.05 £ 0.075 1.05 £ 0.065 0.510
Platelets, x 10%/L 16 £5.7 16 £ 6.5 0.881
ALT,IU/L 44 +29 46 +23 0.846
FIB-4 index 3.25+1.99 5.14 + 4.08 0.278
CEI 20 1.788 + 0.238 1.451 +0.157 0.002

During treatment
Log1o Corough» Ng/ml 2.169 + 0.484 2.768 + 0.747 0.022
AUC, ng h/ml 31441 + 21727 37224 + 21015 0.278

ALT, alanine aminotransferase; AUC, area under the curve; CEI 20, contrast enhancement index at 20 min; CH, chronic hepatitis; Ciougn, trough concentration (of

paritaprevir); LC, liver cirrhosis.

https://doi.org/10.1371/journal.pone.0196747.t1003

Table 4. ROC curve analysis of each baseline parameter and prediction of hyperbilirubinemia.

Cut-off Value Sensitivity, % Specificity, % AUROC (95% CI) PPV, % NPV, %
CEI 20 1.61 71.4 75.0 0.882 (0.754-1.000) 50.0 88.2
Alb, g/dl 4.2 57.1 55.0 0.621 (0.341-0.901) 30.8 78.6
Indirect bilirubin, mg/dl 0.5 429 65.0 0.568 (0.332-0.804) 30.0 76.5

Alb, albumin; AUROG, area under the receiver operating characteristic curve; CEI 20, contrast enhancement index at 20 min; NPV, negative predictive value; PPV,

positive predictive value.

https://doi.org/10.1371/journal.pone.0196747.t1004
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Table 5. Multivariate regression analysis predicting hyperbilirubinemia.

Odds Ratio (95% CI) p value
CEI20 < 1.61 9.08 (1.05-78.86) 0.046
Indirect bilirubin > 0.5 (mg/dl) 2.01 (0.26-15.37) 0.672
Alb < 4.0 (g/dl) 0.84 (0.10-6.82) 0.162

Alb, albumin; CEI 20, contrast enhancement index at 20 min; CI, confidence interval.

https://doi.org/10.1371/journal.pone.0196747.t1005

Multivariate analysis

According to multivariate regression analysis including CEI, indirect bilirubin, and serum
albumin, the CEI was a significant and independent pretreatment predictor associated with
developing hyperbilirubinemia (odds ratio 9.08, p = 0.046, 95% CI: 1.05-78.86) with Akaike’s
Information Criterion of 33.67 and AUROC of 0.739 (Table 5).

Discussion

This study indicated that liver parenchymal enhancement at 20 min of Gd-EOB-DTPA-
enhanced MR imaging was independently predictive of plasma paritaprevir Cyough and the
development of hyperbilirubinemia in patients with HCV treated with OBV/PTV/r.

Paritaprevir is a more potent in vitro inhibitor of OATP1B1, which is primarily responsible
for the hepatic uptake of unconjugated bilirubin [23]. We have to be cautious regarding the
development of hyperbilirubinemia by drug-bilirubin interactions. Gd-EOB-DTPA-
enhanced MR imaging is a promising noninvasive tool in the quantification of liver fibrosis
and preoperative hepatic function [19, 20, 24]. We therefore used MR imaging at the pretreat-
ment stage to predict the intrahepatic accumulation of paritaprevir through quantitative analy-
sis of parenchymal enhancement at the hepatobiliary phase. As expected, we found that the
enhancement effect significantly correlated with paritaprevir plasma Cyoygh. This might be
because of the properties of GAd-EOB-DTPA, which is believed to be specifically taken up into
hepatocytes by hepatic transporters such as OATP1B1 and OATP1B3 [13]. A previous clinical
study indicated that the expression of OATP1B1, extracted from liver biopsy specimens, is
decreased in accordance with the progression of chronic hepatitis C [25]. Liver impairment,
genetic polymorphisms, and drug—drug interactions can alter the function of OATPs in
patients with chronic liver disorders [15, 26]. Enhancement of background liver by Gd-
EOB-DTPA may be influenced not only by liver function but by polymorphisms in the genes
encoding OATPs [14, 15]. Specifically, our previous study clearly demonstrated that, indepen-
dently of the degree of liver impairment, the SLCOI1BI1*1B haplotype and SLCO1B3 334T>G
polymorphism influenced the enhancement of Gd-EOB-DTPA [15]. Unconjugated bilirubin
is taken up by hepatocytes via several OATPs [23, 27]. Similarly, paritaprevir was shown, at
least in vitro, to be a substrate of OATP1B1 and OATPI1B3 [7, 28]. Therefore, quantitative
analysis of Gd-EOB-DTPA-enhanced MR imaging potentially reflects comprehensive trans-
porter imaging. This imaging may indicate decreased expression of OATPs resulting from
liver impairment and interindividual variability in OATP function by their single nucleotide
polymorphisms. Thus, the imaging can indirectly reflect paritaprevir exposure and anticipate
the development of paritaprevir-induced hyperbilirubinemia.

Recently, we showed that the liver enhancement effect at the hepatobiliary phase of Gd-
EOB-DTPA-enhanced MR imaging was related to the concentration of simeprevir, an NS3/
4A protease inhibitor. We could predict the onset of hyperbilirubinemia during simeprevir
and pegylated interferon plus ribavirin therapy [22]. However, that was a pilot study
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comprising 11 patients. As expected, the results of the current study, drawn from a more sub-
stantial cohort of 27 individuals, shows that comprehensive transporter imaging using Gd-
EOB-DTPA could predict paritaprevir concentration and the development of hyperbilirubine-
mia because of drug-bilirubin interactions.

The ROC curve and multivariate analyses indicated that the best cut-off value for CEI at 20
min was 1.61, and the CEI was an independent pretreatment factor for predicting paritapre-
vir-induced hyperbilirubinemia. These findings enabled discrimination of HCV patients at
risk for developing hyperbilirubinemia. CEI also correlated dependently with the Cy;ough of
paritaprevir, which could explain the fact that the hepatobiliary phase of Gd-EOB-DTPA-
enhanced MR imaging reflects OATP function, indicating uptake capability through the hepa-
tocyte membrane. Nevertheless, biliary excretion has already occurred at the 20-min hepato-
biliary phase [29], the degree of precision may also be lower if hepatic enhancement is
measured at much later time points. Remarkable biliary excretion had already occurred at the
20-min hepatobiliary phase in one patient with a CEI of 1.5 at 20 minutes. This patient did not
have hyperbilirubinemia and appears as an outlier in Fig 3a.

Gopalakrishnan et al. have shown that the range of paritaprevir exposure was comparable
between Japanese and western patients [30]. However, these exposures were normally distrib-
uted in westerners. In contrast, those in the Japanese patients varied widely among subjects.
There are large interindividual differences in pharmacokinetic profiles in Japanese people
[30]. Tomita et al. indicated that the ethnic variability in the plasma exposure of statins (also
substrates for OATP1B1), cannot be explained only by the difference in the allele frequencies
of OATP1BI; the intrinsic ethnic variability in the activity of OATP1B1 must be considered
[31]. Therefore, Gd-EOB-DTPA-enhanced MR imaging, a method that reflects the activity
and function of OATPs caused by gene polymorphism, may be much more useful in the
assessment of exposure to an NS3/4A protease inhibitor than analysis of gene polymorphisms
alone.

Recent studies have addressed the unexpectedly high rate and pattern of recurrence of
hepatocellular carcinoma (HCC) after HCV eradication by DAAs [32, 33]. HCC recurrence
should be ruled out prior to anti-HCV therapy. Gd-EOB-DTPA-enhanced MR imaging is the
most useful imaging technique for evaluating the presence or absence of small HCCs, includ-
ing early HCC in patients with chronic liver disease [34, 35]. In fact, the imaging obtained
before anti-HCV therapy can really be a “one-stop shop” for the exclusion of HCC and the pre-
dicted response to an NS3/4A protease inhibitor such as paritaprevir.

To our knowledge, this is the first substantial study to examine the association between
quantitative analysis of hepatic enhancement by Gd-EOB-DTPA-enhanced MR imaging and
the prediction of NS3/4A inhibitor-induced hyperbilirubinemia. However, gadoxetic acid—
enhanced MR imaging should not necessarily be performed in all patients for the sake of insti-
tutional convenience. It might be reasonable that only patients with cirrhosis should undergo
such imaging; these patients have increased paritaprevir exposure from impaired drug clear-
ance, which can lead to a severe clinical condition such as drug-induced liver injury [36]. Our
subanalysis only included patients with cirrhosis; the strong negative correlations between
enhancement effect and paritaprevir Cyough, also showed that the quantitative analysis of Gd-
EOB-DTPA-enhanced MR imaging would be well suited to clinical practice. In addition, this
study could be applicable to predicting the response to plasma exposure to an anticancer drug
that is a substrate for OATP1B1/1B3. Examples are SN-38, an active metabolite of irinotecan
hydrochloride [37, 38] and paclitaxel [39]. Furthermore, the imaging technique could be used
to identify adverse events related to the blood concentration of these drugs.

Our study has several limitations. First, in our cohort of 27 patients, we failed to show the
impact of polymorphisms of OATP-related genes on paritaprevir concentrations and the
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development of hyperbilirubinemia (data not shown). It should be noted that the hepatic
enhancement effect by Gd-EOB-DTPA was associated with the plasma concentration of pari-
taprevir and prediction of hyperbilirubinemia. Second, a treatment change had not been
required in our study patients. Nevertheless, patients whose Gd-EOB-DTPA-enhanced MR
imaging indicates hypo-enhancement require special monitoring for hyperbilirubinemia.
Third, our use of a method directly measuring hepatic SI on Gd-EOB-DTPA-enhanced MR
images was not the most precise measurement technique. The optimal Gd-EOB-DTPA-asso-
ciated method for estimating hepatic function and OATP activity has not been established
[40]. If a more precise method for determining intrahepatic Gd concentration were estab-
lished, comprehensive transporter imaging using Gd-EOB-DTPA-enhanced MR would be
more accurate.

In conclusion, this study showed that liver parenchymal enhancement in Gd-EOB-DTPA-
enhanced MR imaging performed at pretreatment was associated with the concentration of
paritaprevir. The quantitative analysis of liver parenchyma in the hepatobiliary phase at 20
min after injection could represent a useful parameter in detecting paritaprevir-induced
hyperbilirubinemia during anti-HCV therapy.

Acknowledgments

The authors thank T. Omino and K. Ito for their excellent technical assistance. We thank
Andrea Baird, MD, from Edanz Group (www.edanzediting.com/ac) for editing a draft of this
manuscript.

Author Contributions
Conceptualization: Hironao Okubo, Hitoshi Ando.

Formal analysis: Hironao Okubo, Hitoshi Ando.

Investigation: Hironao Okubo, Hitoshi Ando, Yushi Sorin, Eisuke Nakadera, Hiroo Fukada,
Akihisa Miyazaki.

Methodology: Hironao Okubo, Hitoshi Ando, Junichi Morishige.
Project administration: Hironao Okubo, Hitoshi Ando.
Supervision: Akihisa Miyazaki, Kenichi Ikejima.

Writing - original draft: Hironao Okubo, Hitoshi Ando.

Writing - review & editing: Hironao Okubo, Hitoshi Ando, Akihisa Miyazaki, Kenichi
Ikejima.

References

1. Ghany MG, Strader DB, Thomas DL, Seeff LB; American Association for the Study of Liver Diseases.
Diagnosis, management, and treatment of hepatitis C: an update. Hepatology. 2009; 49:1335-74.
https://doi.org/10.1002/hep.22759 PMID: 19330875.

2. European Association for Study of Liver. EASL Clinical Practice Guidelines: management of hepatitis C
virus infection. J Hepatol. 2014; 60:392—420. https://doi.org/10.1016/j.jhep.2013.11.003 PMID:
24331294.

3. ChungH, Ueda T, Kudo M. Changing trends in hepatitis C infection over the past 50 years in Japan.
Intervirology. 2010; 53:39-43. https://doi.org/10.1159/000252782 PMID: 20068339.

4. KumadaH, Chayama K, Rodrigues L Jr, Suzuki F, keda K, Toyoda H, et al. Randomized phase 3 trial
of ombitasvir/paritaprevir/ritonavir for hepatitis C virus genotype 1b-infected Japanese patients with or
without cirrhosis. Hepatology. 2015; 62:1037—46. https://doi.org/10.1002/hep.27972 PMID: 26147154.

PLOS ONE | https://doi.org/10.1371/journal.pone.0196747  April 30, 2018 11/13


http://www.edanzediting.com/ac
https://doi.org/10.1002/hep.22759
http://www.ncbi.nlm.nih.gov/pubmed/19330875
https://doi.org/10.1016/j.jhep.2013.11.003
http://www.ncbi.nlm.nih.gov/pubmed/24331294
https://doi.org/10.1159/000252782
http://www.ncbi.nlm.nih.gov/pubmed/20068339
https://doi.org/10.1002/hep.27972
http://www.ncbi.nlm.nih.gov/pubmed/26147154
https://doi.org/10.1371/journal.pone.0196747

@° PLOS | ONE

Gd-EOB-DTPA MR imaging predicts paritaprevir-induced hyperbilirubinemia

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

Sato K, Chayama K, Alves K, Toyoda H, Suzuki F, Kato K, et al. Randomized Phase 3 Trial of Ombitas-
vir/Paritaprevir/Ritonavir and Ribavirin for Hepatitis C Virus Genotype 2-Infected Japanese Patients.
Adv Ther. 2017; 34:1449-65. https://doi.org/10.1007/s12325-017-0506-y PMID: 28536999.

Poordad F, Hezode C, Trinh R, Kowdley KV, Zeuzem S, Agarwal K, et al. ABT-450/r-ombitasvir and
dasabuvir with ribavirin for hepatitis C with cirrhosis. N Engl J Med. 2014; 370:1973-82. https://doi.org/
10.1056/NEJMoa 1402869 PMID: 24725237.

Menon RM, Badri PS, Wang T, Polepally AR, Zha J, Khatri A, et al. Drug-drug interaction profile of the
all-oral anti-hepatitis C virus regimen of paritaprevir/ritonavir, ombitasvir, and dasabuvir. J Hepatol.
2015; 63:20-9. https://doi.org/10.1016/j.jhep.2015.01.026 PMID: 25646891.

Menon RM, Klein CE, Podsadecki TJ, Chiu YL, Dutta S, Awni WM. Pharmacokinetics and tolerability of
paritaprevir, a direct acting antiviral agent for hepatitis C virus treatment, with and without ritonavir in
healthy volunteers. Br J Clin Pharmacol. 2016; 81:929-40. https://doi.org/10.1111/bcp.12873 PMID:
26710243.

Shebley M, Liu J, Kavetskaia O, Sydor J, de Morais SM, Fischer V, et al. Mechanisms and Predictions
of Drug-Drug Interactions of the Hepatitis C Virus Three Direct-Acting Antiviral Regimen: Paritaprevir/
Ritonavir, Ombitasvir, and Dasabuvir. Drug Metab Dispos. 2017; 45:755—-64. https://doi.org/10.1124/
dmd.116.074518 PMID: 28483778.

Liu CH, Liu CJ, Su TH, Yang HC, Hong CM, Tseng TC, et al. Real-world effectiveness and safety of par-
itaprevir/ritonavir, ombitasvir, and dasabuvir with or without ribavirin for patients with chronic hepatitis C
virus genotype 1b infection in Taiwan. J Gastroenterol Hepatol. 2017 Aug 1. https://doi.org/10.1111/jgh.
13912 [Epub ahead of print] PMID: 28762541.

Geddawy A, Ibrahim YF, Elbahie NM, Ibrahim MA. Direct Acting Anti-hepatitis C Virus Drugs: Clinical
Pharmacology and Future Direction. J Transl Int Med. 2017; 5:8—17. https://doi.org/10.1515/jtim-2017-
0007 PMID: 28680834.

Sane RS, Steinmann GG, Huang Q, Li Y, Podila L, Mease K, et al. Mechanisms underlying benign and
reversible unconjugated hyperbilirubinemia observed with faldaprevir administration in hepatitis C virus
patients. J Pharmacol Exp Ther. 2014; 351:403—-12. https://doi.org/10.1124/jpet.114.218081 PMID:
25204339.

Leonhardt M, Keiser M, Oswald S, Kiihn J, Jia J, Grube M, et al. Hepatic uptake of the magnetic reso-
nance imaging contrast agent Gd-EOB-DTPA: role of human organic anion transporters. Drug Metab
Dispos. 2010; 38:1024-8. https://doi.org/10.1124/dmd.110.032862 PMID: 20406852.

Nassif A, Jia J, Keiser M, Oswald S, Modess C, Nagel S, et al. Visualization of hepatic uptake trans-
porter function in healthy subjects by using gadoxetic acid-enhanced MR imaging. Radiology. 2012;
264:741-50. https://doi.org/10.1148/radiol. 12112061 PMID: 227718883.

Okubo H, Ando H, Kokubu S, Miyamzaki A, Watanabe S, Fujimura A. Polymorphisms in the organic
anion transporting polypeptide genes influence liver parenchymal enhancement in gadoxetic acid-
enhanced MRI. Pharmacogenomics. 2013; 14:1573-82. https://doi.org/10.2217/pgs.13.132 PMID:
24088128.

Yamaguchi H, Okada M, Akitaya S, Ohara H, Mikkaichi T, Ishikawa H, et al. Transport of fluorescent
chenodeoxycholic acid via the human organic anion transporters OATP1B1 and OATP1B3. J Lipid
Res. 2006; 47:1196-202. https://doi.org/10.1194/jlr. M500532-JLR200 PMID: 16534140.

Vallet-Pichard A, Mallet V, Nalpas B, Verkarre V, Nalpas A, Dhalluin-Venier V, et al. FIB-4: an inexpen-
sive and accurate marker of fibrosis in HCV infection. Comparison with liver biopsy and fibrotest. Hepa-
tology. 2007; 46:32—6. https://doi.org/10.1002/hep.21669 PMID: 17567829.

Vanwelkenhuysen |, de Vries R, Timmerman P, Verhaeghe T. Determination of simeprevir: a novel,
hepatitis C protease inhibitor in human plasma by high-performance liquid chromatography-tandem
mass spectrometry. J Chromatogr B Analyt Technol Biomed Life Sci. 2014; 958:43-7. https://doi.org/
10.1016/j.jchromb.2014.02.028 PMID: 24695212.

Watanabe H, Kanematsu M, Goshima S, Kondo H, Onozuka M, Moriyama N, et al. Staging hepatic
fibrosis: comparison of gadoxetate disodium-enhanced and diffusion-weighted MR imaging—prelimi-
nary observations. Radiology. 2011; 259:142-50. https://doi.org/10.1148/radiol.10100621 PMID:
21248234.

Goshima S, Kanematsu M, Watanabe H, Kondo H, Kawada H, Moriyama N, et al. Gd-EOB-DTPA-
enhanced MR imaging: prediction of hepatic fibrosis stages using liver contrast enhancement index and
liver-to-spleen volumetric ratio. J Magn Reson Imaging. 2012; 36:1148-53. https://doi.org/10.1002/jmri.
23758 PMID: 22848019.

Okubo H, Mogami M, Ozaki Y, Igusa Y, Aoyama T, Amano M, et al. Liver function test by gadolinium-
ethoxybenzyl-diethylenetriamine pentaacetic acid-enhanced magnetic resonance imaging with consid-
eration of intrahepatic regional differences. Hepatogastroenterology. 2013; 60:1547-51. PMID:
23933786.

PLOS ONE | https://doi.org/10.1371/journal.pone.0196747  April 30, 2018 12/13


https://doi.org/10.1007/s12325-017-0506-y
http://www.ncbi.nlm.nih.gov/pubmed/28536999
https://doi.org/10.1056/NEJMoa1402869
https://doi.org/10.1056/NEJMoa1402869
http://www.ncbi.nlm.nih.gov/pubmed/24725237
https://doi.org/10.1016/j.jhep.2015.01.026
http://www.ncbi.nlm.nih.gov/pubmed/25646891
https://doi.org/10.1111/bcp.12873
http://www.ncbi.nlm.nih.gov/pubmed/26710243
https://doi.org/10.1124/dmd.116.074518
https://doi.org/10.1124/dmd.116.074518
http://www.ncbi.nlm.nih.gov/pubmed/28483778
https://doi.org/10.1111/jgh.13912
https://doi.org/10.1111/jgh.13912
http://www.ncbi.nlm.nih.gov/pubmed/28762541
https://doi.org/10.1515/jtim-2017-0007
https://doi.org/10.1515/jtim-2017-0007
http://www.ncbi.nlm.nih.gov/pubmed/28680834
https://doi.org/10.1124/jpet.114.218081
http://www.ncbi.nlm.nih.gov/pubmed/25204339
https://doi.org/10.1124/dmd.110.032862
http://www.ncbi.nlm.nih.gov/pubmed/20406852
https://doi.org/10.1148/radiol.12112061
http://www.ncbi.nlm.nih.gov/pubmed/22771883
https://doi.org/10.2217/pgs.13.132
http://www.ncbi.nlm.nih.gov/pubmed/24088128
https://doi.org/10.1194/jlr.M500532-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/16534140
https://doi.org/10.1002/hep.21669
http://www.ncbi.nlm.nih.gov/pubmed/17567829
https://doi.org/10.1016/j.jchromb.2014.02.028
https://doi.org/10.1016/j.jchromb.2014.02.028
http://www.ncbi.nlm.nih.gov/pubmed/24695212
https://doi.org/10.1148/radiol.10100621
http://www.ncbi.nlm.nih.gov/pubmed/21248234
https://doi.org/10.1002/jmri.23758
https://doi.org/10.1002/jmri.23758
http://www.ncbi.nlm.nih.gov/pubmed/22848019
http://www.ncbi.nlm.nih.gov/pubmed/23933786
https://doi.org/10.1371/journal.pone.0196747

@° PLOS | ONE

Gd-EOB-DTPA MR imaging predicts paritaprevir-induced hyperbilirubinemia

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Okubo H, Kitamura T, Ando H, Fukada H, Igusa Y, Kokubu S, et al. Gadoxetic Acid-Enhanced MR
Imaging Predicts Simeprevir-Induced Hyperbilirubinemia During Hepatitis C Virus Treatment: A Pilot
Study. J Clin Pharmacol. 2017; 57:369-75. https://doi.org/10.1002/jcph.811 PMID: 27530761

Cui Y, Kénig J, Leier |, Buchholz U, Keppler D. Hepatic uptake of bilirubin and its conjugates by the
human organic anion transporter SLC21A6. J Biol Chem. 2001; 276:9626-30. https://doi.org/10.1074/
jbc.M004968200 PMID: 11134001.

Kumazawa K, Edamoto Y, Yanase M, Nakayama T. Liver analysis using gadolinium-ethoxybenzyl-
diethylenetriamine pentaacetic acid-enhanced magnetic resonance imaging: Correlation with histologi-
cal grading and quantitative liver evaluation prior to hepatectomy. Hepatol Res. 2012; 42:1081-8.
https://doi.org/10.1111/j.1872-034X.2012.01027.x PMID: 22647151.

Nakai K, Tanaka H, Hanada K, Ogata H, Suzuki F, Kumada H, et al. Decreased expression of cyto-
chromes P450 1A2, 2E1, and 3A4 and drug transporters Na+-taurocholate-cotransporting polypeptide,
organic cation transporter 1, and organic anion-transporting peptide-C correlates with the progression
of liver fibrosis in chronic hepatitis C patients. Drug Metab Dispos. 2008; 36:1786-93. https://doi.org/10.
1124/dmd.107.020073 PMID: 18515332.

Matsuzaka Y, Hayashi H, Kusuhara H. Impaired hepatic uptake by organic anion-transporting polypep-
tides is associated with hyperbilirubinemia and hypercholanemia in Atp11c mutant mice. Mol Pharma-
col. 2015; 88:1085-92. https://doi.org/10.1124/mol.115.100578 PMID: 26399598.

Hagenbuch B, Stieger B. The SLCO (former SLC21) superfamily of transporters. Mol Aspects Med.
2013; 34:396—412. https://doi.org/10.1016/j.mam.2012.10.009 PMID: 23506880.

Furihata T, Fu Z, Suzuki Y, Matsumoto S, Morio H, Tsubota A, et al. Differential inhibition features of
direct-acting anti-hepatitis C virus agents against human organic anion transporting polypeptide 2B1. Int J
Antimicrob Agents. 2015; 46:381-8. https://doi.org/10.1016/}.ijantimicag.2015.05.013 PMID: 26163159.

Cieszanowski A, Stadnik A, Lezak A, Maj E, Zieniewicz K, Rowinska-Berman K, et al. Detection of
active bile leak with Gd-EOB-DTPA enhanced MR cholangiography: comparison of 20—25 min delayed
and 60—180 min delayed images. Eur J Radiol. 2013; 82:2176-82. https://doi.org/10.1016/j.ejrad.2013.
08.021 PMID: 24012454.

Gopalakrishnan SM, Polepally AR, Mensing S, Khatri A, Menon RM. Population Pharmacokinetics of
Paritaprevir, Ombitasvir, and Ritonavir in Japanese Patients with Hepatitis C Virus Genotype 1b Infec-
tion. Clin Pharmacokinet. 2017; 56:1-10. https://doi.org/10.1007/s40262-016-0423-2 PMID: 27314261

Tomita Y, Maeda K, Sugiyama Y. Ethnic variability in the plasma exposures of OATP1B1 substrates
such as HMG-CoA reductase inhibitors: a kinetic consideration of its mechanism. Clin Pharmacol Ther.
2013; 94:37-51. https://doi.org/10.1038/clpt.2012.221 PMID: 23443754.

Reig M, Marifio Z, Perell6 C, Iiarrairaegui M, Ribeiro A, Lens S, et al. Unexpected high rate of early
tumor recurrence in patients with HCV-related HCC undergoing interferon-free therapy. J Hepatol.
2016; 65:719-26. https://doi.org/10.1016/j.jhep.2016.04.008 PMID: 27084592.

Conti F, Buonfiglioli F, Scuteri A, Crespi C, Bolondi L, Caraceni P, et al. Early occurrence and recur-
rence of hepatocellular carcinoma in HCV-related cirrhosis treated with direct-acting antivirals. J Hepa-
tol. 2016; 65:727-33. https://doi.org/10.1016/j.jhep.2016.06.015 PMID: 27349488.

Sano K, Ichikawa T, Motosugi U, Sou H, Muhi AM, Matsuda M, et al. Imaging study of early hepatocellu-
lar carcinoma: usefulness of gadoxetic acid-enhanced MR imaging. Radiology. 2011; 261:834—44.
https://doi.org/10.1148/radiol.11101840 PMID: 21998047.

Akai H, Matsuda |, Kiryu S, Tajima T, Takao H, Watanabe Y, et al. Fate of hypointense lesions on Gd-
EOB-DTPA-enhanced magnetic resonance imaging. Eur J Radiol. 2012; 81:2973-7. https://doi.org/10.
1016/j.ejrad.2012.01.007 PMID: 22280873.

Teschke R, Danan G. Drug-induced liver injury: Is chronic liver disease a risk factor and a clinical issue?
Expert Opin Drug Metab Toxicol. 2017; 13:425-38. https://doi.org/10.1080/17425255.2017.1252749
PMID: 27822971.

Nozawa T, Minami H, Sugiura S, Tsuji A, Tamai |. Role of organic anion transporter OATP1B1 (OATP-
C) in hepatic uptake of irinotecan and its active metabolite, 7-ethyl-10-hydroxycamptothecin: in vitro evi-
dence and effect of single nucleotide polymorphisms. Drug Metab Dispos. 2005; 33:434-9. https://doi.
org/10.1124/dmd.104.001909 PMID: 15608127.

Yamaguchi H, Kobayashi M, Okada M, Takeuchi T, Unno M, Abe T, et al. Rapid screening of antineo-
plastic candidates for the human organic anion transporter OATP1B3 substrates using fluorescent
probes. Cancer Lett. 2008; 260:163-9. https://doi.org/10.1016/j.canlet.2007.10.040 PMID: 18082941.

Smith NF, Acharya MR, Desai N, Figg WD, Sparreboom A. Identification of OATP1B3 as a high-affinity
hepatocellular transporter of paclitaxel. Cancer Biol Ther. 2005; 4:815-8. PMID: 16210916.

Bae KE, Kim SY, Lee SS, Kim KW, Won HJ, Shin YM, et al. Assessment of hepatic function with Gd-
EOB-DTPA-enhanced hepatic MRI. Dig Dis. 2012; 30:617-22. https://doi.org/10.1159/000343092
PMID: 23258104.

PLOS ONE | https://doi.org/10.1371/journal.pone.0196747  April 30, 2018 13/13


https://doi.org/10.1002/jcph.811
http://www.ncbi.nlm.nih.gov/pubmed/27530761
https://doi.org/10.1074/jbc.M004968200
https://doi.org/10.1074/jbc.M004968200
http://www.ncbi.nlm.nih.gov/pubmed/11134001
https://doi.org/10.1111/j.1872-034X.2012.01027.x
http://www.ncbi.nlm.nih.gov/pubmed/22647151
https://doi.org/10.1124/dmd.107.020073
https://doi.org/10.1124/dmd.107.020073
http://www.ncbi.nlm.nih.gov/pubmed/18515332
https://doi.org/10.1124/mol.115.100578
http://www.ncbi.nlm.nih.gov/pubmed/26399598
https://doi.org/10.1016/j.mam.2012.10.009
http://www.ncbi.nlm.nih.gov/pubmed/23506880
https://doi.org/10.1016/j.ijantimicag.2015.05.013
http://www.ncbi.nlm.nih.gov/pubmed/26163159
https://doi.org/10.1016/j.ejrad.2013.08.021
https://doi.org/10.1016/j.ejrad.2013.08.021
http://www.ncbi.nlm.nih.gov/pubmed/24012454
https://doi.org/10.1007/s40262-016-0423-2
http://www.ncbi.nlm.nih.gov/pubmed/27314261
https://doi.org/10.1038/clpt.2012.221
http://www.ncbi.nlm.nih.gov/pubmed/23443754
https://doi.org/10.1016/j.jhep.2016.04.008
http://www.ncbi.nlm.nih.gov/pubmed/27084592
https://doi.org/10.1016/j.jhep.2016.06.015
http://www.ncbi.nlm.nih.gov/pubmed/27349488
https://doi.org/10.1148/radiol.11101840
http://www.ncbi.nlm.nih.gov/pubmed/21998047
https://doi.org/10.1016/j.ejrad.2012.01.007
https://doi.org/10.1016/j.ejrad.2012.01.007
http://www.ncbi.nlm.nih.gov/pubmed/22280873
https://doi.org/10.1080/17425255.2017.1252749
http://www.ncbi.nlm.nih.gov/pubmed/27822971
https://doi.org/10.1124/dmd.104.001909
https://doi.org/10.1124/dmd.104.001909
http://www.ncbi.nlm.nih.gov/pubmed/15608127
https://doi.org/10.1016/j.canlet.2007.10.040
http://www.ncbi.nlm.nih.gov/pubmed/18082941
http://www.ncbi.nlm.nih.gov/pubmed/16210916
https://doi.org/10.1159/000343092
http://www.ncbi.nlm.nih.gov/pubmed/23258104
https://doi.org/10.1371/journal.pone.0196747

