Prediction of Theophylline Clearance in Various Stages of Liver Cirrhosis by Child-Pugh and MELD Scores: A Population Pharmacokinetic Analysis
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What is already known about this subject 
*Theophylline clearance is impaired depending on the severity of liver cirrhosis (LC) assessed by Child-Pugh (CP) classification.
*CP is often used for pharmacokinetic evaluation in LC patients; however, the application of a model for end-stage liver disease (MELD) is limited.

What this study adds 
*The MELD model, a novel population pharmacokinetic model using the MELD score, predicted theophylline clearance in various stages of LC.
*The CP model divided LC patients into 3 classes, whilst the MELD model divided them into 5 categories, leading to more accurate and precise predictions of theophylline clearance.

Abstract
Aims
Theophylline clearance in patients with chronic liver diseases (CLDs), chronic hepatitis (CH) and liver cirrhosis (LC), was evaluated by population pharmacokinetic (PPK) analysis. 
Methods
PPK analysis included 433 minimum steady-state concentrations from 192 Japanese bronchial asthma patients and was performed using NONMEM. The severity of LC was assessed by the Child-Pugh (CP) class and model for end-stage liver disease (MELD) score.
Results
Two final models (CP and MELD models) were obtained, and described apparent theophylline clearance (CL/F) as follows: CP model: CL/F=0.0473×0.874CH×0.697CPA×0.592CPB×0.441CPC, MELD model: CL/F=0.0472×0.876CH×0.687MELD < 10×0.568MELD 10-14×0.487MELD 15-19×0.417MELD 20-24×0.328MELD ≥ 25. The CP model showed that mean CL/F in patients without CLDs, and with CH, and LC with CP class A, B, and C was 0.0473, 0.0413, 0.0330, 0.0280, and 0.0209 L/h kg-1, respectively. The MELD model predicted that CL/F in patients without CLDs, and with CH, and LC with a MELD score of < 10, 10-14, 15-19, 20-24, and ≥ 25 was 0.0472, 0.0413, 0.0324, 0.0268, 0.0230, 0.0197, and 0.0155 L/h kg-1, respectively.
Conclusions
CL/F in various stages of LC was evaluated and a change in CL/F was highly dependent on the severity of CLDs in both models. The MELD model classified LC into 5 categories, and subdivided CP class C patients into 3 further categories.  The MELD model provided a more accurate and precise description of CL/F than the CP model, particularly in high-severity LC patients.

Introduction
Chronic liver diseases (CLDs) are a major problem in global human health [1]. CLDs are characterized by the presence of hepatobiliary distortion or inflammation and fibrosis. Fibrosis is a dynamic process of hepatic homeostasis resulting from a scarring process. The progression of fibrosis in chronic hepatitis (CH), one of the CLDs, can lead to liver cirrhosis (LC) that is the end stage of CLDs [2,3]. Clearance of numerous drugs metabolized in the liver may be affected by CH and LC. In particular, LC that can reduce the activity and/or expression of metabolic enzymes is likely to have a greater impact than CH [3-7]. For example, compensated or unclassified LC impairs the clearance of oral nitrendipine, caffeine, and theophylline by 50.2, 54.9, and 44.3% compared with controls, respectively. In contrast, CH reduces that of those by 46.7, 23.5, and 11.1%, respectively [3,4,6]. Moreover, the activity of enzymes responsible for metabolism of the drugs is known to decrease according to the severity of LC [7].
The Child-Pugh (CP) score is often used to assess severity and survival in patients with LC [8]. Although the score was essentially developed to predict peri-operative mortality [9,10], it is frequently applied to explain changes in pharmacokinetics of diverse drugs [7,11]. The model for end-stage liver disease (MELD) score is an index devised for estimating survival of patients with LC undergoing transjugular intrahepatic portosystemic shunt (TIPS), and is also used for determining the priority of liver transplantation [12-14]. Application of the MELD score for pharmacokinetic evaluation of therapeutic drugs is limited [15,16].
Theophylline, a beneficial drug with a bronchodilatory effect and anti-inflammatory activity that is inexpensive, has been used clinically for the treatment of bronchial asthma, chronic bronchitis, and chronic obstructive pulmonary disease (COPD) [17-19]. It is mainly eliminated through hepatic metabolism and its clearance is reduced by CLDs [5,6]. Oral theophylline is a suitable probe for cytochrome P450 (CYP) 1A2 in vivo, since CYP1A2 is responsible for approximately 80% of theophylline metabolism [20], and theophylline has high bioavailability (approximately over 90%) [21,22]. In addition, several studies have used theophylline to evaluate drug-drug interactions mediated by the inhibition of CYP1A2 in vivo [20,23,24].
The main purpose of the present study was to describe the clearance of theophylline in patients with LC classified by the CP class and MELD score using population pharmacokinetic (PPK) analysis. 

Methods
Study design and patients
The present study was approved by the Research Ethics Committee of Fukuoka City Hospital and was conducted in accordance with the Declaration of Helsinki. The total number of blood samples was 433 obtained from 192 Japanese patients with bronchial asthma. The database was retrospectively constructed based on the evaluable clinical records of the Fukuoka Prefectural Asakura Hospital (currently named Asakura Medical Association Hospital), and Fukuoka City Hospital from October 2000 to January 2021. The following data were collected: serum theophylline concentration, dose of theophylline, timing of dosing and sampling, total body weight (TBW), age, sex, laboratory tests, underlying diseases and complications, smoking, and concomitant medications. Information on the presence of hepatic encephalopathy and ascites in patients with CH and LC was also collected. Theophylline concentrations in the database were only minimum concentrations under steady-state conditions (Cmin,ss). The patients were orally administered sustained-release theophylline tablets (Theo-Dur®, 100 mg tablet). Bronchial asthma patients without CLDs, and CH and LC caused by hepatitis B virus (HBV) and hepatitis C virus (HCV) were included. Patients with the following were excluded: (1) autoimmune disorders and other forms of hepatitis (e.g., type A and E), (2) active CH, (3) acute exacerbation of CHs, (4) alcoholic, (5) smoking, (6) heart failure, (7) pneumonia, (8) COPD, (9) thyroid disease, (10) during an acute asthmatic attack, or (11) presented with fever. Patients receiving the following co-medications were also excluded: clarithromycin, erythromycin, enoxacin, norfloxacin, ciprofloxacin, cimetidine, allopurinol, febuxostat, verapamil, fluvoxamine, phenytoin, carbamazepine, phenobarbital, rifampicin, interferon-alpha, interferon-beta, peginterferon alfa-2a, warfarin, dabigatran，rivaroxaban，apixaban，edoxaban, and other xanthines such as aminophylline. All patients were stable and the symptoms of asthma were well-controlled by theophylline medication. Patients undergoing renal replacement therapy were not included. None of the patients showed any adverse effects of theophylline, and all CH patients in this study had inactive CH.
Serum concentrations of theophylline were measured by the fluorescence polarization immunoassay (FPIA) or chemiluminescent immunoassay (CLIA). FPIA and CLIA were performed using TDx theophylline II (Abbott Japan, Tokyo, Japan) and ARCHITECT theophylline (Abbott Japan, Tokyo, Japan), respectively. The limits of quantification of FPIA and CLIA were 0.82 and 0.05 mg/L, respectively. The two assays were linear to 40.0 mg/L. The intra- and inter-day coefficients of variation (CV) of both assays were less than 5.0%. The accuracy and precision of both assays were within ± 5.0% of controls and less than 5.0%, respectively. The mean recoveries of FPIA and CLIA were 101 ± 3.5 and 100 ± 10%, respectively.

Data analysis
PPK analysis was performed by NONMEM 7.3.0 (Icon Development Solutions, Ellicott City, MD, USA) with the first-order conditional estimation method with interaction (FOCE-INTER).

PPK analysis
The following equation was used as a PK structural model to express the association between the steady-state trough concentration and apparent relative clearance (CL/F) [6,25-27].
CL/F = Dose/(Cmin,ss × τ),
where F is the bioavailability, Cmin,ss is the steady-state trough concentration, and τ is the dose interval. Theophylline clearance was normalized by TBW. The proportional error models were finally selected for both the interindividual variability of theophylline clearance and residual variability. A basic population model was selected based on Akaike’s information criterion. The age and sex, which have been reported to change the clearance of theophylline or other clinical agents [28-30], were selected as candidates for the covariate in addition to CH and LC. LC was classified based on the CP class (CP class A, B, and C) and MELD score. The MELD score was calculated by the following equation and rounded to the nearest whole number: MELD score = 9.57 × loge(serum creatinine (mg/dL)) + 3.78 × loge(serum total bilirubin (mg/dL)) + 11.20 × loge(prothrombin time-international normalized ratio (PT-INR)) + 6.43 [12]. When substituting the laboratory values into the equation, values less than 1.0 were rounded up to 1.0 [14]. CP and MELD classifications were applied separately during the model development process and the final model was obtained as “CP model” and “MELD model”, respectively. Covariate selection was performed based on differences in the objective function value estimated by NONMEM between hierarchical models. Forward inclusion and backward elimination were used to develop the covariate model. Significance levels for forward inclusion and backward elimination were set at 0.05 and 0.01, respectively. 
Regarding categorical covariates (i.e., CH, LC with CP and MELD classification, and sex), covariate analysis was performed using the following model:
Pi = Ppop × θ1COV,
where Pi and Ppop are the parameters of an individual i and the population mean, respectively. COV is 1 for patients with each condition, and otherwise 0 when evaluating the influence of each covariate except for sex, and COV is 1 for male patients and 0 for females when evaluating the influence of sex; θ1 is the covariate difference in Pi.
Regarding continuous covariates (i.e., age (AGE)), covariate analysis was performed using the following model:
Pi = Ppop × (1 + θ2 × AGE),
where θ2 is the influencing factor to be estimated.
The adequacy of the constructed PPK models was assessed by goodness-of-fit (GOF) plots at each step during the development of the model [31]. GOF was investigated using plots of observations versus population predictions (PRED) and individual predictions (IPRED) [32], and conditional weighted residuals versus PRED. The accuracy and precision were assessed by mean error (ME) and root mean square error (RMSE), respectively. The robustness of the final PPK model was confirmed using bootstrap analysis. Median values and 95% confidence intervals (CIs) for the parameter estimates obtained from 1000 bootstrap replicates of the original data set were compared with the original population parameters. The bootstrap analysis was performed with the software package Perl-speaks-NONMEM (version 4.6.0) [33,34].

Statistics
A value of less than 0.05 was considered significant. Correlations between (1) Cmin,ss/dose/TBW and the CP score, (2) Cmin,ss/dose/TBW and the MELD score, and (3) the CP and MELD score in all LC patients were tested by Spearman’s rank test. The statistical differences in age, TBW, dose of theophylline, dose/TBW, and Cmin,ss between CH and LC patients were determined with Student’s t-test. 

Results
Significant positive correlations were observed between Cmin,ss /dose/TBW and CP and MELD scores in LC patients (Figure 1). Spearman's rank correlation coefficient (rs) between Cmin,ss/dose/TBW and CP and MELD scores was 0.91 (P < 0.01) and 0.92 (P < 0.01), respectively.
In LC patients, a significant positive correlation was observed between CP and MELD scores (rs = 0.94, P < 0.01, Figure 2). CP class A, B, and C were shown to correspond to MELD scores of < 10, 10-14, and ≥ 15, respectively, based on a linear regression equation obtained from CP and MELD scores: [MELD score] = 1.81 × [CP score] - 2.38. Furthermore, we divided MELD scores of ≥ 15 into 3 groups: 15-19, 20-24, and ≥ 25. Therefore, classification using MELD scores was determined as follows in this study: MELD scores of < 10, 10-14, 15-19, 20-24, and ≥ 25. 
The demographic background of the population is shown in Table 1. The population data comprised 128 males (267 blood sampling points) and 64 females (166). The numbers of patients (blood samplings) with CH and LC were 56 (124) and 61 (150), respectively. The age, TBW, dose of theophylline, and Cmin,ss of theophylline ranged from 18 - 90 years, 32.2 - 86.8 kg, 200 - 800 mg/day, and 3.1 - 18.6 mg/L, respectively. The means of age, dose, dose/TBW, and Cmin,ss for LC patients were significantly different from those for CH patients (p < 0.05). The classification of 61 LC patients based on the CP class and MELD score is shown in Table 2. Because changes in the MELD score were observed during the study period within individual patients, the total number of LC patients in MELD classification groups was over 61. All patients without CLDs had a normal hepatic function.
In the MELD model, theophylline clearance in LC patients was evaluated in 5 MELD groups (< 10, 10-14, 15-19, 20-24, and ≥ 25). Estimated final parameters are summarized in Table 3 with the median and 95% CIs estimated from 1000 bootstrap resamplings. The inter-individual and residual variabilities in the CP model were 13.1 and 10.5%, respectively, whilst those in the MELD model were 11.6 and 10.2%, respectively. CH and LC with CP class A, B, and C were significant covariates for theophylline clearance (P < 0.01) in the CP model. In the MELD model, significant covariates were CH and LC with MELD scores of < 10, 10-14, 15-19, 20-24, and ≥ 25 (P < 0.01). The final CP and MELD models were expressed as follows:
CP model: CL/F=0.0473×0.874CH×0.697CPA×0.592CPB×0.441CPC,
MELD model: CL/F=0.0472×0.876CH×0.687MELD < 10×0.568MELD 10-14×0.487MELD 15-19×0.417MELD 20-24×0.328MELD ≥ 25,
where, CH, CPA, CPB, CPC, MELD < 10, MELD 10-14, MELD 15-19, MELD 20-24, and MELD ≥ 25 are categorical variables with 1 when a patient had CH, and LC with CP class A, B, and C, and LC with MELD scores of < 10, 10-14, 15-19, 20-24, and ≥ 25, respectively, otherwise 0. In the CP model, CL/F in patients without CLDs, with CH, and with CP class A, B, and C was shown to be 0.0473, 0.0413, 0.0330, 0.0280, and 0.0209 L/h kg-1, respectively. Whilst in the MELD model, CL/F in patients without CLDs, with CH, with MELD scores of < 10, 10-14, 15-19, 20-24, and ≥ 25 was 0.0472, 0.0413, 0.0324, 0.0268, 0.0230, 0.0197, and 0.0155 L/h kg-1, respectively. GOF plots revealed the high predictive performance of the final models, and systematic deviations were not observed (Figure 3). The median of the estimates from bootstrapping were very similar to the population estimates in the final models, and the significance of covariates was further verified by the result showing that the 95% CIs of all parameters did not include 1 (Table 3). These results suggest that the final models adequately described theophylline concentrations.
The plots of observations versus PRED in LC patients are shown in Figure 3, D. The ME and RMSE of the MELD model were 0.103 and 1.240, respectively, whilst those of the CP model were 0.151 and 2.024, respectively. Therefore, it is suggested that the MELD model provides more accurate and precise prediction of theophylline clearance than the CP model.

Discussion
[bookmark: _GoBack]In this study, theophylline clearance was described by two PPK models: the “CP model” that classified LC patients based on CP class, and the “MELD model” that divided LC patients according to the MELD score. The CP model indicated that theophylline clearance in patients with CH and CP class A, B, and C was 12.6, 30.3, 40.8, and 55.9% lower than that in patients without CLDs, respectively. Patients with CP class C were shown to have theophylline clearance less than half of that in patients without CLDs. In the MELD model, theophylline clearance in patients with CH and MELD scores of < 10, 10-14, 15-19, 20-24, and ≥ 25 was predicted to be reduced by 12.4, 31.3, 43.2, 51.3, 58.3, and 67.2% compared with those without CLDs, respectively. Theophylline clearance in patients with MELD scores of 15-19, 20-24, and ≥ 25 was approximately half, two-fifths, and one-third of that in patients without CLDs, respectively. In both models, theophylline clearance in patients with LC was more strongly impaired depending on its severity characterized by CP and MELD classifications. The impacts of CH on theophylline clearance described in both models were identical and smaller than those in LC. Therefore, decreased theophylline clearance is likely to be dependent on the progression of CLDs.
Our CP model showed that the mean theophylline clearance in patients with CP class A, B, and C was 33, 28, and 21 ml/h kg-1, respectively. Amodio et al. conducted an 8-sampling points PK study after 20-min theophylline infusion in 20 LC patients with PC class A to C [5]. The investigators showed that theophylline clearance in patients with LC of CP class A, B, and C was 37, 24, and 16 mL/h kg-1, respectively [5]. The values of theophylline clearance in CP class A, B, and C in the present study were similar to the values reported by Amodio et al,.
[bookmark: _Hlk64017457][bookmark: _Hlk64362234]In human cirrhotic liver samples, CYP1A2 contents and catalytic activities have been shown to be lower than those in control samples [35-37]. George et al. assessed protein contents and activities of CYP1A2 in 21 morphologically normal liver samples (controls), 32 samples from LC patients without cholestasis, and 18 samples from those with cholestasis [35]. They demonstrated that both types of LC patients showed reduced CYP1A2 contents and catalytic activities compared with the controls [35]. Lown et al. demonstrated a significant reduction of protein levels of CYP1A2 in 9 patients with end-stage liver diseases (CP class B and C) [38]. In vivo human studies using caffeine, a probe of CYP1A2, revealed significant correlations between severities of LC based on CP classification and metabolic liver functions (e.g., caffeine clearance and caffeine index) [7,39,40]. Another study demonstrated that caffeine clearance is the lowest in patients with decompensated LC, followed by those with compensated LC, CH, and a normal hepatic function [4]. We also showed a significant positive correlation between Cmin,ss of theophylline/dose/TBW and CP scores (Figure 1, A). Thus, reduced theophylline clearance depending on the progression of CLDs described by the CP model in this study is likely to reflect CYP1A2 activity. 
[bookmark: _Hlk64363738]Albarmawi et al. reported that assessment of the clearance of midazolam, a probe of CYP3A, in LC patients characterized by CP and MELD scores leads to a good prediction of the metabolic capability of CYP3A [15]. They showed that MELD scores of <10, 10-14, and ≥15 roughly correspond to CP class A, B, and C, respectively [15]. In our study, theophylline clearance of <10 and 10-14 categories in the MELD model was identical to that of CP class A and B, respectively, and the average of theophylline clearance in three categories with MELD scores of ≥ 15 (i.e., MELD scores of 15-19, 20-24, and ≥ 25) was similar to that in CP class C. As shown in Figure 1, a significant positive correlation was observed between Cmin,ss /dose/TBW and MELD scores, in addition to that between Cmin,ss /dose/TBW and CP scores. Therefore, impaired theophylline clearance in the MELD model is also likely to reflect the decrease in CYP1A2 activity.
In the present study, the category of a MELD score of ≥15 was subdivided into categories of 15-19, 20-24, and ≥ 25 based on the linear regression equation obtained from CP and MELD scores (Figure 2). The MELD model was able to describe theophylline clearance in the subdivided categories (Table 3). Huo et al. proposed a modified CP system with additional points and class D consisting of LC patients with a higher severity than those in class C, and indicated that the modified CP system has a better performance than the original CP classification [41]. The investigators also showed that MELD is as efficient as the modified CP system for making a prognosis [41]. As shown in Figure 3, D, the MELD model more accurately and precisely described theophylline clearance in LC patients than the CP model in this study. Thus, these data indicate that classification using the MELD score in the present study is useful for the prediction of theophylline clearance, and may result in more accurate estimation of CYP1A2 activity, especially in patients with CP class C.
In the present analysis, Cmin,ss was used to describe CL/F instead of the steady-state average serum concentration [6,25-27]. This may result in overestimation of theophylline apparent clearance. The estimated typical values of CL/F in patients without CLDs were 0.0473 L/h kg-1 in the CP model and 0.0472 L/h kg-1 in the MELD model. PPK studies of theophylline in Japanese populations using intensive time-concentration data evaluated CL ranging from 0.0372 to 0.0614 L/h kg-1 [42,43]. CL/F in the present study was within the range. 
In conclusion, this study evaluated clearance of theophylline, one of the in vivo probes of CYP1A2, in patients with a normal hepatic function (without CLDs), CH, and LC, and indicated that the clearance was reduced depending on the progression of CLDs. For the prediction of theophylline clearance in LC patients, classification using the MELD score is superior to CP classification, which may lead to a better assessment of changes in CYP1A2 activity.
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Figure legends
Figure 1. Correlations between minimum concentrations under steady-state conditions (Cmin,ss)/dose/total body weight (TBW) and Child-Pugh (CP) scores, and between Cmin,ss/dose/TBW and Model for End-stage Liver Disease (MELD) scores in patients with liver cirrhosis. (A) Cmin,ss/dose/TBW vs. CP score (P < 0.01, rs = 0.91). (B) Cmin,ss/dose/TBW vs. MELD score (P < 0.01, rs = 0.92).

Figure 2. Correlation between Child-Pugh (CP) and Model for End-stage Liver Disease (MELD) scores in patients with liver cirrhosis (P < 0.01, rs = 0.94).

Figure 3. Goodness-of-fit plots of the final models: “CP model” and “MELD model”. (A) observations vs. population predictions (PRED) in all patients. (B) observations vs. individual predictions (IPRED). (C) conditional weighted residual error (CWRES) vs. PRED. (D) observations vs. PRED in LC patients (blue, yellow, and red circle represent CP class A, B, and C, respectively).
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