
1 Physiologically based pharmacokinetic modelling of acetaminophen in preterm neonates – 

2 the impact of metabolising enzyme ontogeny and reduced cardiac output.
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4 ABSTRACT

5 In preterm neonates, physiologically based pharmacokinetic (PBPK) models are suited for studying 

6 the effects of maturational and non-maturational factors on the pharmacokinetics of drugs with 

7 complex age-dependent metabolic pathways like acetaminophen (APAP). The aim of this study 

8 was to determine the impact of drug metabolising enzymes ontogeny on the pharmacokinetics of 

9 APAP in preterm neonates and to study the effect of reduced cardiac output (CO) on its PK using 

10 PBPK modelling. A PBPK model for APAP was first developed and validated in adults and then 

11 scaled to paediatric age groups to account for the effect of enzyme ontogeny. In preterm neonates, 

12 CO was reduced by 10 %, 20 %, and 30 % to determine how this might affect APAP PK in preterm 

13 neonates. In all age groups, the predicted concentration-time profiles of APAP were within 5th and 

14 95th percentile of the clinically observed concentration-time profiles and the predicted Cmax and 

15 AUC were within 2-folds of the reported parameters in clinical studies. Sulfation accounted for 

16 most of APAP metabolism in children, with the highest contribution of 68 % in preterm neonates. 

17 A reduction in CO by up to 30 % did not significantly alter the clearance of APAP in preterm 

18 neonates. The model successfully incorporated the ontogeny of DMEs involved in APAP 

19 metabolism and adequately predicted the PK of APAP in preterm neonates. A reduction in hepatic 

20 perfusion as a result of up to 30 % reduction in CO has no effect on the PK of APAP in preterm 

21 neonates. 
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25 1. INTRODUCTION

26 Neonates born before 37 weeks of gestational age are referred to as preterm neonates and in 2010 

27 alone, there were 15 million preterm births worldwide with more than 60 % of these cases reported 

28 in south-eastern Asia, South Asia and sub-Saharan Africa (Blencowe et al., 2012). Preterm 

29 neonates are born when their organ systems are less well developed. This often impacts the 

30 functionalities of these systems, potentially resulting in short-term or long-term physical or 

31 neurological effects (Abduljalil, Pan, Pansari, Jamei, & Johnson, 2020a; Blencowe et al., 2013). 

32 Apart from the effect a preterm birth can have on physical or neurological functions, the possibility 

33 of altered drug handling due to preterm birth is likely. Like full term neonates, most physiological 

34 changes occurring during the first weeks of life in preterm neonates are dynamic and this could 

35 sometimes result in unpredictable pharmacokinetics and -dynamics of drugs. This dynamic state 

36 results in extensive intra- and interpatient variability, and this variability may be further 

37 complicated by the presence of congenital anomalies associated with immature organ making it 

38 difficult to extrapolate doses from adults (Abduljalil et al., 2020a; Vandendriessche et al., 2014). 

39 Developmental changes in key physiological characteristics such as biometrics, body composition, 

40 protein binding capacity, tissue volumes and composition, blood flow, renal and hepatic functions 

41 need to be considered in the analysis of the PK of drugs in preterm neonates. Integration of these 

42 key physiological characteristics can be done effectively using physiologically based 

43 pharmacokinetic (PBPK) models (Verscheijden, Koenderink, Johnson, de Wildt, & Russel, 2020). 

44 Abduljalil et al (2020) recently integrated these physiological parameters in preterm neonates and 

45 analysed the age dependent maturation in these parameters with increase in post menstrual age 

46 (PMA). They used these data to develop PBPK models for midazolam, alfentanil, caffeine, 

47 ibuprofen, gentamicin and vancomycin in preterm neonates and successfully predicted their PK 

48 (Abduljalil, Pan, Pansari, Jamei, & Johnson, 2020c). Besides physiological parameters, PBPK 

49 modelling can also be used to explore the impact of pathophysiological changes, like critical illness 
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50 (Paranjape, Staples, Stradwick, Ray, & Saldanha, 2021), kidney or liver disease (Sharma, Suresh 

51 Ahire, & Prasad, 2020), reduced cardiac output (Tylutki, Szlek, & Polak, 2019) of drugs. Such 

52 approaches have proven successful in adults but are only very rarely explored in (pre)term neonates 

53 with additional disease characteristics, like it was recently demonstrated in neonates undergoing 

54 therapeutic hypothermia following perinatal asphyxia (PA) (Smits, Annaert, Van Cruchten, & 

55 Allegaert, 2020).  There is extensive report in the literature which demonstrates that 

56 pathophysiological changes associated with conditions like patent ductus arteriosus (PDA) and 

57 hypothermia, for example, which may occur in preterm could significantly alter the 

58 pharmacokinetics of drugs (Choi, Park, Lee, & An, 2018; Gal & Gilman, 1993; Pokorna, 

59 Wildschut, Vobruba, van den Anker, & Tibboel, 2015; Watterberg, Kelly, Johnson, Aldrich, & 

60 Angelus, 1987; Zeilmaker et al., 2018).

61 As PBPK models in preterm neonates could form a crucial aspect of understanding the effect of 

62 developmental physiology and pathophysiology on the PK of drugs in preterm neonates, it is 

63 important to develop and validate models for drugs that are commonly used in preterm neonates to 

64 generate valuable insight into how these drugs may behave in this population, particularly, drugs 

65 with metabolic pathways that are subject to significant age dependent growth. One of such drugs 

66 is acetaminophen (APAP) (Ji et al., 2012). Such models could be used to simultaneously explore 

67 the effect of maturational and non-maturational changes, like disease characteristics on the PK of 

68 drugs. 

69 APAP is mainly used as an antipyretic and analgesic agent and it the most commonly used medicine 

70 among paediatrics (Moriarty & Carroll, 2016). It has also been reported to be used for closure of 

71 ductus arteriosus in neonates with PDA (Ohlsson & Shah, 2020). APAP is well absorbed through 

72 the gastrointestinal tract mainly through passive diffusion and following oral administration, a 

73 bioavailability of about 80 % has been reported (Ji et al., 2012). In neonates and infants, time to 

74 reach maximum plasma concentration is unpredictably slow but from around 6 months of age 
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75 onwards, the maximum concentration may be reached at times comparable to adults (Ji et al., 2012). 

76 APAP has plasma protein binding of between 10 – 25 % and its volume of distribution is between 

77 0.8 to 1 L/kg (Ji et al., 2012). APAP is mainly eliminated by the liver and glucuronidation accounts 

78 for 50 – 60 % of its metabolism, while sulfation and oxidation accounts for 20 – 30 % and less than 

79 10 % respectively in adults (Ji et al., 2012). According to Mazaleuskaya et al (2015), uridine 5'-

80 diphospho-glucuronosyltransferase (UDP-glucuronosyltransferase, UGT) 1A1, 1A6, 1A9 and 

81 2B15 are the drug metabolising enzymes (DMEs) responsible for APAP glucuronidation, APAP 

82 sulfation involves sulfotransferase (SULT) 1A1, 1A3, 1A4, 1E1 and 2A1 while oxidation involves 

83 cytochrome P450 (CYP) 1A2, 2A6, 2D6, 2E1, and 3A4 (Mazaleuskaya et al., 2015). In children 

84 and neonates, however, sulfation has been reported to play a more pronounced role in APAP 

85 metabolism and this is attributed to the fact that sulfation is mature at birth compared to the other 

86 enzymatic pathways (Ji et al., 2012; Krekels et al., 2015; Levy, Khanna, Soda, Tsuzuki, & Stern, 

87 1975; Zhao & Pickering, 2011).

88 Despite the fact that APAP has a good safety profile across all age groups at recommended doses, 

89 the safety of APAP is contingent upon ‘normal’ PK processes occurring, therefore, the impact of 

90 altered PK processes, for example the effect drug-drug interactions (DDI) on the metabolic 

91 clearance of APAP, need to be carefully considered, also in preterm neonates. Though CYP enzyme 

92 metabolism accounts for a small percentage of APAP metabolism, this pathway is associated with 

93 APAP induced hepatic toxicity. APAP induced liver toxicity occurs when there is a sustained 

94 elevated APAP plasma concentration which leads to the saturation of the process involved in 

95 converting N-acetyl-p-benzoquinone imine (NAPQI), a toxic metabolite of CYP metabolism, 

96 precisely CYP2E1 to its inactive glutathione conjugate (Jiang, Zhao, Barrett, Lesko, & Schmidt, 

97 2013). 

98 The impact of age dependent maturation enzymatic processes involved in APAP metabolism in 

99 full term neonate, infants, children and adolescents has been previously studied using PBPK models 
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100 by Jiang et al (2013) and Ladumor et al (2019) (Jiang et al., 2013; Ladumor et al., 2019).  Though 

101 these studies have demonstrated that PBPK models can be used to gain understanding on the effect 

102 of ontogeny on the PK of APAP in these age groups, an equivalent analysis of the impact of enzyme 

103 ontogeny of APAP in preterm neonates is yet to be done. Since, the expression of some of the 

104 enzyme involved in APAP metabolism may be differ in preterm neonates compared to full term 

105 neonates, for example, hepatic SULT1E1 has been reported to be expressed to a greater degree 

106 before full term birth (Duanmu et al., 2006), the impact this might have on APAP PK in preterm 

107 neonates needs to be understood. PBPK models are uniquely suited for studying the effect of 

108 specific physiological or biochemical changes on the PK of drugs, therefore, this study aims to 

109 develop and validate a PBPK model for APAP in all age groups including preterm neonates and 

110 determine the effect changes in cardiac output in preterm neonates may have on APAP PK.  
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111 2. METHODS

112 In this study, physiologically based pharmacokinetic (PBPK) modelling was performed on 

113 Simcyp® (Simcyp® Ltd, a Certara company, Sheffield, UK, Version 18 & 19), a virtual clinical 

114 trial simulator. Pre-validated ‘Healthy Volunteer’, ‘Paediatric’ and ‘Preterm Neonate’ population 

115 groups that were already incorporated into the simulator were used. To account for variabilities in 

116 the virtual population models used during the simulations, the percentage coefficient of variability 

117 (% CV) available within public health databases such as the US National health and Nutrition 

118 Examination Survey was used as the variability metrics (Center for Disease Control and Prevention 

119 (CDC), 2021). Except otherwise stated, population sizes used during the simulation included a 

120 10x10 trial design with 100 subjects. In PBPK modelling studies, a 100-subject virtual population 

121 size is generally utilised to reflect population variabilities in real subjects (Adiwidjaja, Boddy, & 

122 McLachlan, 2020; Hornik et al., 2017; Johnson et al., 2021) and the randomization of virtual 

123 subjects are based upon incorporation of robust statistically determined population variabilities in 

124 physiological parameters into the virtual population models (Krauss, Tappe, Schuppert, Kuepfer, 

125 & Goerlitz, 2015). A three-step strategy (Figure 1) was implemented for model development, 

126 validation, and simulation of a ‘what-if’ scenario.

127 2.1. Step 1: The development of an APAP PBPK model in adults 

128 The physiology and biochemistry of the virtual ‘Healthy Volunteer’ population used during model 

129 development and validation was based on healthy North European Caucasian adults. The 

130 concentration-time profiles and pharmacokinetic parameters from eight published clinical studies 

131 were used during APAP PBPK model development and validation in adults. The model was 

132 validated for intravenous and oral administrations and a summary of these studies is found in the 

133 supplementary material (Section A, Table S1).

134 The physicochemical, in vitro experimental enzyme kinetic and pharmacokinetic parameters used 

135 for the APAP model development is shown in Table 1 and 2. A model for intravenous (IV) 
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136 administration was first developed using the ‘full PBPK distribution model’ within the simulator 

137 (Table 1). The full-PBPK distribution model utilised the Rodger and Rowland (Rodgers, Leahy, & 

138 Rowland, 2005a, 2005b; Rodgers & Rowland, 2006, 2007) method of predicting tissue: plasma 

139 partition coefficients (Kp) in the prediction of APAP steady state volume of distribution (Vss). To 

140 recover the observed distribution profile of the APAP, the Kp scalar (which is a scalar applied to 

141 the predicted tissue Kp values) was optimised (Table 1) using the weighted least square (WLS) 

142 objective function and the Nelder-Mead minimisation method within the simulator. 

143 The maximum velocities (Vmax) values and Michealis Menten constants (Km) for the drug 

144 metabolising enzymes (DME) involved in the metabolism of APAP were used to simulate its 

145 elimination profile. While the Km values were obtained from literature (Adjei, Gaedigk, Simon, 

146 Weinshilboum, & Leeder, 2008; Ladumor et al., 2019; Laine, Auriola, Pasanen, & Juvonen, 2009) 

147 (Table 1), the Vmax values were calculated from in vitro intrinsic clearances of the DMEs 

148 (CLint,enzyme,invitro) in ml/min/mg protein which were back calculated from published APAP hepatic 

149 clearance (CLH)(Ladumor et al., 2019) (Table 1) using Equations 1-4. The well-stirred model was 

150 used for the calculation of the in vivo intrinsic hepatic clearance (CLuint H,invivo) of APAP (Ladumor 

151 et al., 2019):

152 Equation 1 𝐶𝐿𝑢𝑖𝑛𝑡 𝐻, 𝑖𝑛𝑣𝑖𝑣𝑜 =
𝑄𝐻𝐵 ×  𝐶𝐿𝐻

𝑓𝑢𝑝 × (𝑄𝐻𝐵 ―  
𝐶𝐿𝐻

𝐵:𝑃 )

153 Where  is the average hepatic blood flow in adults and is 83.7 L/h in the Simcyp simulator; 𝑄𝐻𝐵

154 , , and  are the hepatic plasma clearance; the unbound fraction in the plasma and blood-𝐶𝐿𝐻  𝑓𝑢𝑝 𝐵:𝑃

155 to-plasma partition coefficient respectively (Table 1) 

156 The in vivo unbound intrinsic clearance (CLuint,enzyme,invivo) in L/h for each enzyme isoform was 

157 determined from the using Equation 2 (Ladumor et al., 2019):  𝐶𝐿𝑢𝑖𝑛𝑡 𝐻, 𝑖𝑛𝑣𝑖𝑣𝑜 
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158  Equation 2 𝐶𝐿𝑢𝑖𝑛𝑡,𝑒𝑛𝑧𝑦𝑚𝑒,𝑖𝑛𝑣𝑖𝑣𝑜 =
𝑓𝑚, 𝑒𝑛𝑧𝑦𝑚𝑒 ×  𝐶𝐿𝑢𝑖𝑛𝑡 𝐻,𝑖𝑛𝑣𝑖𝑣𝑜

1 ― 𝑓𝐶𝐿, 𝑟𝑒𝑛𝑎𝑙

159 Where  (Table 2) is the fraction of APAP metabolised by each DME isoform and  𝑓𝑚, 𝑒𝑛𝑧𝑦𝑚𝑒 𝑓𝐶𝐿, 𝑟𝑒𝑛𝑎𝑙

160 (Table 1) is the fraction eliminated through the kidney.      

161 The in vitro intrinsic clearance (CLint,enzyme,invitro) was determined from the CLuint,enzyme,invivo for each 

162 isoforms using equation 3 (Ladumor et al., 2019):  

163 Equation 3𝐶𝐿𝑖𝑛𝑡,  𝑒𝑛𝑧𝑦𝑚𝑒, 𝑖𝑛𝑣𝑖𝑡𝑟𝑜 =
𝐶𝐿𝑢𝑖𝑛𝑡,𝑒𝑛𝑧𝑦𝑚𝑒,𝑖𝑛𝑣𝑖𝑣𝑜

𝑀𝑃𝑃𝐺𝐿 𝑜𝑟 𝐶𝑃𝑃𝐺𝐿 × 𝐿𝑖𝑣𝑒𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 × 60 ×  10 ―6

164 Where MPPGL (milligram of microsomal protein per gram of liver), the CPPGL (milligram of 

165 cytosolic protein per gram of liver) and liver weight were the respective average values for adults 

166 based on the virtual healthy adult population on Simcyp. MPPGL 37.7 mg/g; CPPGL: 76.9 mg/g; 

167 liver weight was 1569.9 g. 

168 Vmax in picomole per minute per milligram of protein was then calculated using Equation 4 

169 (Ladumor et al., 2019): 

170  Equation 4 𝑉𝑚𝑎𝑥, 𝑒𝑛𝑧𝑦𝑚𝑒 = 𝐶𝐿𝑖𝑛𝑡,  𝑒𝑛𝑧𝑦𝑚𝑒, 𝑖𝑛𝑣𝑖𝑡𝑟𝑜 ×  𝐾𝑚, 𝑒𝑛𝑧𝑦𝑚𝑒 ×  𝑓𝑢𝑚𝑖𝑐

171 Where the Km,enzyme was obtained from published literature (Table 2) and fumic (fraction unbound in 

172 drug in the microsomal incubation) was set as Simcyp default of 1. 
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173 After validation of the model for intravenous administration, an advanced absorption model 

174 (ADAM) which permits the prediction of the release, dissolution and intestinal permeability of oral 

175 APAP tablet using absorption and dissolution parameters like effective permeability and aqueous 

176 solubility was used to simulate the oral absorption profile of APAP (Table 1). 

177 PBPK models were developed for APAP glucuronide and sulphate metabolites, the details of which 

178 are reported in section A of the supplementary material. 

179 2.2. Step 2: The development of an APAP model in infants, neonates and preterm 

180 neonates

181 The adult model was utilised to simulate the concentration-time profiles of APAP in virtual 

182 paediatric and preterm populations and was further optimised to account for age-related changes in 

183 physiology, biochemistry, and enzyme activities/abundances. The model was validated in 

184 adolescents, children, infants, full term neonates and preterm neonates. Age groups were defined 

185 based on the National Institute of Child Health and Human Development (NICHD) and United 

186 States Food and Drug Administration (USFDA) paediatric age classification (National Institute of 

187 Child Health and Human Development (NICHD); United States Food and Drug Administration 

188 (USFDA)). Adolescents were defined as paediatrics between 12 – 18 years; children were defined 

189 as paediatrics between 2 – 12 years; infants were defined as paediatrics between 28 days – 1 year 

190 old; full term neonates were defined as paediatrics between 1 – 28 days olds, while preterm 

191 neonates were defined as neonates born before 37 weeks gestational age. Developmental changes 

192 in body weight, body surface area, body gross composition including body water and body fat in 

193 preterm, neonate and infant populations as previously published (Abduljalil, Pan, Pansari, Jamei, 

194 & Johnson, 2020b; Abduljalil et al., 2020c; Johnson, Rostami-Hodjegan, & Tucker, 2006; Johnson, 

195 Tucker, Tanner, & Rostami-Hodjegan, 2005) were inbuilt into the Simcyp preterm and paediatric 

196 populations. Five published concentration versus time data from clinical studies were used for 

197 model validation in all paediatric subpopulations (supplementary material, Table S1). In addition, 
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198 concentration-time data collated by University Hospital Leuven (UHL), Belgium was used for 

199 further model validation in preterm neonate. Procedural details of data collection, including ethical 

200 approval have been previously published (Allegaert, Palmer, & Anderson, 2011). 

201 Apart from accounting for physiological and biochemical changes in full term -neonates from birth 

202 onwards, the fractional maturation (ontogeny) profiles of CYP and UGT isoforms were also 

203 accounted for within the simulator. To account for the maturation of SULTs, the fractional 

204 expression of SULTs in full term neonates, infants, children and adolescents relative to adults were 

205 incorporated into the model according to the ontogeny function (or scaling factor) reported in 

206 Ladumor et al (2019) (supplementary material; Section A Table S3) (Ladumor et al., 2019). In 

207 preterm neonates, inbuilt ontogeny for CYP 1A2, 2C9, 3A4 isoform were applied in the model but 

208 the fractional expression of the other DMEs which were estimated as described in supplementary 

209 material (section A and Table S3) and were incorporated into the model. Where fractional enzyme 

210 expression in preterm neonates could not be calculated because of absence of published data, the 

211 enzyme isoform expression level in preterm neonate was assumed to be similar to that of full-term 

212 neonates, in which case the ontogeny function of the respective DME in full term neonates 

213 according to Ladumor et al (2019) was used in the preterm neonate model (supplementary material; 

214 Section A Table S3) (Ladumor et al., 2019).    

215 2.3. Step 3: Effect of reduced cardiac output on APAP clearance in preterm neonates.

216 To determine the effect of reduced cardiac output which may be associated with cardiopathies in 

217 preterm neonates on the clearance of APAP, the pharmacokinetics of APAP in preterm neonates 

218 was simulated under 10 %, 20 % and 30 % reduced cardiac output conditions, respectively. 

219 2.4. Predictive performance and data analysis

220 The predictive performance of the model was evaluated using the 2-fold prediction of observed 

221 data and visual predictive check (VPC). The 2-fold prediction index is a generally accepted method 
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222 of determining the predictability of PBPK models, it involved finding the ratio between the 

223 observed and predicted data and if the ratio was between 0.5 – 2, the model prediction was deemed 

224 acceptable (Edginton, Schmitt, & Willmann, 2006; Ginsberg, Hattis, Russ, & Sonawane, 2004; 

225 Ladumor et al., 2019; Parrott et al., 2011a). The VPC has been previously described by the FDA 

226 Paediatric Advisory Committee (US Food and Drug Administration, 2012) (U.S Food and Drug 

227 Administration Pharmaceutical Science and Clinical Pharmacology Advisory Committee, 2012) 

228 and it involved comparing predicted concentrated versus time profiles to those reported in clinical 

229 studies such that a model prediction was said to be acceptable if the spread of clinically observed 

230 concentration–time data points fell within the predicted 5th and 95th percentiles of the predicted 

231 concentration–time profile.

232 The reported concentration-time profiles from clinical studies were digitally retrieved using the 

233 WebPlotDigitizer v3.10 (WebPlotDigitizer v.3.10, 2021). 
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234 3. RESULTS

235 3.1. Development and validation of APAP model in adults

236 The predicted Cmax and AUCs from the optimised model following administration of different 

237 doses of APAP by IV or oral administration were within 2-folds of the respective parameters 

238 reported in all eight clinical studies (Table 3). 

239 The simulated concentration-time profiles of APAP model recovered the respective clinically 

240 observed concentration-time data points as the observed data points fell within the 5th and 95th 

241 percentile of the respective predicted profiles (Figure 2). 

242 Though the elimination of APAP as observed in the concentration-time points reported for IV and 

243 oral APAP administration reported in Prescott et al (1980) (Prescott, 1980) appeared to be slightly 

244 underpredicted (Figure 2D and G), the predicted AUC0 – ∞ was within 2 folds of the observed AUC0 

245 – ∞ (Table 3). Notably, the Prescott et al (1980) (Prescott, 1980) study involved four subjects 

246 (supplementary material Table S1) which may be insufficient to demonstrate possible population 

247 variabilities in the PK of APAP. 

248 3.2. Development and validation of APAP model in paediatrics

249 In all paediatric age groups, the models sufficiently recovered the spread of observed 

250 concentration-time data points as the observed data points were within the 5th and 95th percentile 

251 of predicted concentration-time profiles in multiple and single dose APAP studies (Figure 3-4), 

252 except in the Zuppa et al (2011) neonate studies (Figure 3H). For the Zuppa et al (2011) study, the 

253 model did not sufficiently recover the observed data point following multiple dose 12.5 mg/kg IV 

254 infusion administration (Figure 3H), despite this, the predicted AUC was within the 2-folds 

255 (AUCR: 1.57) of the reported AUC in the Zuppa et al (2011) study (Zuppa et al., 2011) (Table 3). 

256 The fact the model did not sufficiently recover the observed data point in this study may be due to 

257 the relatively small size of study participants (supplementary material Table S1) in observed study. 
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258 The simulated weights in all age groups were also similar to those reported in literature 

259 (supplementary material Table S5).

260 3.3. Ontogeny of enzymes involved in the metabolism of APAP.

261 The influence of enzyme maturation on the metabolism of APAP across all paediatric age groups 

262 was demonstrated in Figure 5. The fraction of APAP metabolised by SULT decreased with age 

263 with a mean contribution of 68 % in preterm neonates decreasing to mean contribution of 35 % in 

264 adults (Figure 5). Conversely, the fraction of APAP metabolised by UGTs increased with age from 

265 24 % contribution in preterm neonates to 48 % contribution in adults. The percentage contribution 

266 of CYPs to the metabolism of APAP was lowest in preterm neonates (3%) and this increased to 

267 adult levels (11 %) by childhood (Figure 5). This pattern of age-dependent changes in enzyme 

268 contribution was supported by predicted increase in the ratio of APAP-G to APAP-S with age 

269 which was largely comparable to the patterns observed in published literature (Table 4), though it 

270 should be noted that the APAP-G: APAP-S ratio in the infant age group according to Zuppa et al 

271 (2011) (0.97) was more than two folds of the predicted ratio (0.42) (Table 4) and this reason for 

272 this discrepancy is not clear but may be due to small sample size used in the Zuppa et al (2004) 

273 study.   Similarly, the predicted % UGT contribution to %SULT contribution ratios followed the 

274 same pattern of increase with age. (Table 4). 

275 3.4. Reduced cardiac output. 

276 Cardiac output reduction did not influence the plasma clearance of APAP in preterm neonates 

277 (Figure 6). The median clearance was similar in preterm with normal CO, 10%, 20% and 30% 

278 reduced CO (0.140, 0.139, 0.139 and 0.138 L/h/kg respectively). The predicted CL in preterm 

279 neonates who had no major cardiac abnormalities as reported in Allegaert et al (2004) and van 

280 Ganzewinkel et al (2014) were 0.116 L/h/kg and 0.089 L/h/kg respectively and these values were 

281 within 2-folds (ratio: 1.2; 1.6 respectively) of the predicted CL in preterm neonates with normal 
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282 CO (0.140 L/h/kg). This finding was supported by a comparable AUC reported in preterm neonates 

283 with normal CO and 30 % reduced CO (AUC: 171.7 mg/L.h and AUC: 174.2 mg/L.h respectively). 
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284 4. DISCUSSION

285 PBPK modelling is a valuable technique for understanding the combined effect of maturational and 

286 non-maturational factors on the pharmacokinetics of drugs (Verscheijden et al., 2020). This has 

287 been previously demonstrated where the effect of renal and hepatic blood flows on the 

288 pharmacokinetics of carvedilol in children and adults was studied (Rasool, Khalil, & Laer, 2015). 

289 The effect of ontogeny on the PK of APAP in children has been assessed using in silico methods 

290 (Jiang et al., 2013; Ladumor et al., 2019) previously, but the additional impact of non-maturational 

291 factors like the effect of reduction in cardiac output resulting from cardiopathies has not been 

292 explored in preterm neonates. 

293 The inclusion of the paediatric population in clinical trials has until recently been limited due to 

294 ethical constrains. The FDA recently updated its guidance to include children into clinical trials 

295 (U.S. Department of Health and Human Services Food and Drug Administration, Center for Drug 

296 Evaluation and Research (CDER), & Center for Biologics Evaluation and Research (CBER), 2020) 

297 but despite this development, enrolment of paediatric subpopulations like preterm neonates into 

298 trials may still be posed with significant ethical and cost challenges, therefore, there is the need to 

299 utilise validated in silico approaches like PBPK models to predict the pharmacokinetics of drugs 

300 in this population. This approach can either serve as a substitute of clinical studies, or at least 

301 support and guide such study protocols.  

302 APAP is well tolerated across paediatric ages and it is known to be metabolised by multiple 

303 metabolic pathways (Mazaleuskaya et al., 2015) which are subject to maturation from birth till 

304 adulthood (Behm, Abdel-Rahman, Leeder, & Kearns, 2003; Miller, Roberts, & Fischer, 1976).  In 

305 silico analysis of the influence of enzyme maturation (or ontogeny) on the pharmacokinetic of 

306 APAP in full term neonates, infants, children and adolescents has been previously reported (Jiang 

307 et al., 2013; Ladumor et al., 2019), but a comparable analysis in preterm neonates is lacking. A 

308 PBPK model for preterm neonates was recently developed and used to simulate the PK of APAP 
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309 in preterm neonates, however, the study focussed on maturation of physiological and biochemical 

310 parameters in preterm neonates but did not elaborate on how these affects the PK of APAP and its 

311 metabolites in preterm neonates. Also, the study did not demonstrate the maturation of enzymatic 

312 pathways involved in APAP metabolism occurring throughout childhood (Claassen et al., 2015).  

313 In this present study, an APAP model for PK in all paediatric subgroups including preterm neonates 

314 which incorporates physiological, biochemical enzymatic changes with age was developed and 

315 used to study the PK of APAP. 

316 An integral part of PBPK model development is model validation. It is generally accepted that the 

317 validation of PBPK models should involve a 2-fold error analysis where the ratio of predicted and 

318 observed parameter should be between 0.5 and 2 (Edginton et al., 2006; Ginsberg et al., 2004; 

319 Parrott et al., 2011b). In addition, model validation should involve a visual predictive check 

320 whereby the observed concentration-time data points obtained from clinical studies are recovered 

321 within the 5th and 95th percentile of predicted profiles where the conditions of the simulated clinical 

322 trial are similar to the actual clinical trial (U.S Food and Drug Administration Pharmaceutical 

323 Science and Clinical Pharmacology Advisory Committee, 2012). In this present study, the 

324 developed APAP PBPK model was deemed acceptable as it predicted APAP PK profiles and 

325 parameters that were comparable to those reported in clinically observed studies. The 

326 predicted/observed ratio (R) of the Cmax and AUCs were all between 0.5 and 2 in all paediatric 

327 subpopulations. This was further confirmed with predicted PK profiles as the clinically observed 

328 concentration- time data points largely laid within the 5th and 95th percentile of the simulated 

329 concentration-time profiles in all paediatric groups and under the different dosing conditions 

330 (Figure 2). APAP systemic CL reported in different paediatric subpopulations were consistent with 

331 those predicted by the model including in preterm neonates where the predicted mean systemic 

332 APAP CL (0.140 L/h/kg) were within two folds of the equivalent value reported in literature (0.116 

333 L/h/kg) (Allegaert et al., 2004). The model development approach utilised in this present study was 
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334 similar to those reported by Jiang et al (2013) and Ladumor et al (2019) whose models also 

335 predicted acceptable APAP PK parameters in paediatrics (Jiang et al., 2013; Ladumor et al., 2019). 

336 As APAP is mainly cleared hepatically by UGTs, SULTs and CYPs, the impact of the maturation 

337 of these DME on its PK is an important aspect of PBPK model development. In adults, due to the 

338 higher level of expression of UGTs in comparison with SULT, UGTs are known to account for the 

339 majority of APAP clearance. This trend is reversed in children as the expression levels of SULTs 

340 are generally thought to be greater in children compared to adults (Behm et al., 2003; Miller et al., 

341 1976). The model in this present study replicated this age dependent trend in the percentage 

342 contributions of UGTs and SULTs in APAP metabolism and predicted a 68 % sulfation in preterm 

343 neonates, compared to 35 % in adults (Figure 5). Conversely, glucuronidation accounted for 24 % 

344 of APAP metabolism in preterm neonates compared to 48 % in adults. Though the  percentage 

345 mean contribution of glucuronidation in adults is slightly underpredicted (48 %) in this model, 

346 compared to the range of values previously reported (50 – 60 %) (Ji et al., 2012), the percentage 

347 mean contributions of UGTs, SULTs and CYPs in other age groups (Figure 5) were similar to those 

348 predicted in Ladumor et al (2019) (Ladumor et al., 2019). This reason for this slight deviation may 

349 be because of large interindividual variabilities of the enzyme abundance within the simulator 

350 which have influenced the range of percentage contribution across the population and the resultant 

351 predicted mean. To further illustrate the impact of enzyme ontogeny, there was an increase in the 

352 APAP-G/APAP-S ratio calculated from urinary recovery data of APAP-G and APAP-S increased 

353 with age from a mean of 0.36 in preterm neonates to 1.39 in adults (Table 4), a trend which was 

354 similar to those observed in full term neonates and adults reported in Jiang et al (2013) and 

355 Ladumor et al (2019) (Jiang et al., 2013; Ladumor et al., 2019) and supported by increasing 

356 predicted ratios of percentage contributions of UGTs to SULTs with age (Table 4). In addition, the 

357 predicted APAP-G/APAP-S ratios predicted in this model across age groups were largely 

358 consistent with those reported in clinical studies (Table 4). 
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359 Availability of ontogeny data in a crucial part of PBPK modelling in paediatrics. To demonstrate 

360 the effect of maturation of the DMEs involved in APAP metabolism, the ontogeny data of UGT 

361 1A1, 1A9 and 2B1; SULT 1A1, 1A3, 1E1 and 2A1; CYP 1A2, 2C9, 2C19, 2D6, 2E1 and 3A4 

362 were applied into the model where there was supporting data; otherwise, the fractional expression 

363 of an enzyme in paediatric age group was assumed to be similar to the that of the next age group. 

364 Studies have reported conflicting findings with respect to the expressions of some APAP 

365 metabolising enzymes across paediatric age groups. For instance, Ladumor et al (2019) (Ladumor 

366 et al., 2019) found that there is higher abundance of SULTs 1A1 and 2A1 in children compared to 

367 adolescents and adults, however, Duanmu et al (2006) (Duanmu et al., 2006) reported similarity in 

368 expression levels of these enzymes in children, adolescents and adults. Also, while Richard et al 

369 (2001) (Richard et al., 2001) did not detect SULT 1A3 in liver samples other than  from neonates 

370 and foetuses, Ladumor et al (2019) detected this enzyme in liver samples across all paediatric 

371 populations. A potential mechanism that controls maturation of enzyme with age has been proposed 

372 though this remains largely unclear. It has been postulated that the ontogeny of SULTs may be due 

373 to the transcription factors (TFs) pregnane X receptor (PXR) and peroxisome proliferator-activated 

374 receptors (PPARs) which are involved in the regulation of SULTs gene expression since these TFs 

375 are age dependent (Balasubramaniyan, Shahid, Suchy, & Ananthanarayanan, 2005) while 

376 Neumann et al (2016) (Neumann et al., 2016) demonstrated that PXR and estrogen receptor 

377 1(ESR1) transcription factors modulated UGT gene expression from birth till 25 years of age in 

378 their research to determine age-dependent UGT gene expression. The mechanism involved in 

379 enzyme maturation of CYPs is thought to vary depending on the various isoforms, for example, 

380 the regulation of the age dependent expression of CYP3A4 gene is thought to be associated with 

381 CCAAT/enhancer binding protein β  (C/EBPβ β) transcription factor while the CYP2E1 ontogeny 

382 is thought to be associated with DNA methylation  (Vieira, Sonnier, & Cresteil, 1996). 
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383 Insights gathered from accounting for ontogeny of APAP metabolising enzymes could help to 

384 identify possibilities of age-dependent toxicities or drug-drug interactions that may be associated 

385 with APAP administration in preterm neonates. As sulfation is the main metabolic pathway 

386 involved in APAP metabolism in pre- and full term neonates, the potential for drug-drug 

387 interactions (DDI) between drugs that may be used in this age groups like the potential interaction 

388 between propranolol which is an inhibitor of SULT (Coughtrie et al., 1994) and which may be used 

389 to manage cardiac conditions in neonates such as congestive heart failure associated with 

390 congenital heart disease, supraventricular and ventricular tachycardia and hypertrophic 

391 cardiomyopathy (Filippi et al., 2013) and APAP. Therefore, coadministration of propranolol and 

392 APAP should be carefully considered in this age-group. A consequence of this DDI is the 

393 possibility of APAP toxicity and liver damage if other metabolic pathways do not sufficiently 

394 compensate for inhibited SULT metabolism and the mechanism of converting the highly toxic n-

395 acetyl-p-benzoquinone imine (NAPQI) to its inactive glutathione conjugate becomes overwhelmed 

396 (Rotundo & Pyrsopoulos, 2020).

397 Certain  cardiopathies may be observed in neonates some of these include patent ductus arteriosus 

398 (PDA), transposition of the great arteries (TGA), ventricular septal defect (VSD), and pulmonary 

399 valve atresia, some of which may impact CO and systemic blood flow (Rao, 2019). PDA, in 

400 particular, is known to result in reduction of cardiac output to the systemic circulation, and this 

401 may result in poor organ perfusion (Giliberti, De Leonibus, Giordano, & Giliberti, 2009) and may 

402 alter the PK of drugs depending on whether the PK of the drug is sensitive to changes in organ 

403 perfusion. It is therefore pertinent to consider the impact reduced CO associated with cardiopathies 

404 in preterm neonates may have on the PK of drugs. In this present study, the effect of reduced cardiac 

405 output on the systemic clearance of APAP in preterm neonates was simulated and it was found that 

406 following reduction of CO by up to 30 % of normal CO, no difference in systemic CL of APAP 

407 was noted (Figure 6). 
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408 This reflects the fact that APAP is a low hepatic extraction drug with a hepatic extraction ratio 

409 (EH) of between 0.11 and 0.37 in adults (Bertolini et al., 2006). This finding is backed up by 

410 previous population PK analysis of APAP in (pre)term neonates which did not find cardiopathy as 

411 a significant covariate impacting on its PK (Wang et al., 2014). Whether poor organ perfusion 

412 associated with preterm cardiac conditions affects the PK of a drug likely depends on the factors 

413 which influence the hepatic extraction ratio (EH) of a drug namely: hepatic perfusion, unbound 

414 drug fraction and intrinsic clearance of unbound drug (Salem, Abduljalil, Kamiyama, & Rostami-

415 Hodjegan, 2016). Interestingly, these factors are also age dependent and it may be erroneous to 

416 assume the EH of a drug in an adult will be the same as in paediatrics, because the impact of age 

417 on these different factors may not be proportional (Salem et al., 2016). For example, it was observed 

418 in a separate analysis that was conduction during this present study, that for morphine with a high 

419 hepatic extraction ratio of 0.65 in adults (Mazoit, Sandouk, Scherrmann, & Roche, 1990), a 

420 reduction in CO in preterm neonates resulted in no difference in the systemic CL of morphine, 

421 whereas, a similar percentage reduction in cardiac output in adults resulted in significant reduction 

422 in systemic CL (data not reported). This observation was likely because preterm activity of UGT 

423 2B7 responsible for the metabolic clearance of morphine is around 10 – 20% its activity in adults 

424 (Bouwmeester, Anderson, Tibboel, & Holford, 2004).  Since this metabolic pathway is relatively 

425 immature, morphine behaved like a low EH drug in preterm neonates such that a reduction in 

426 hepatic blood flow as result of reduced CO did not further affected its systemic clearance. This 

427 observation was corroborated by Salem et al (2016), where the authors demonstrated that in adults, 

428 the EH of midazolam which is mainly metabolised by CYP3A4 was 0.6, and this was reduced to 

429 0.02 at birth in full term neonates (Salem et al., 2016).

430 There were limitations in this study. First, because of lack of sufficient ontogeny data in preterm 

431 neonates, the fractional expression of some enzymes was assumed to be similar to those of full-

432 term neonates. The impact these may have of the model prediction is thought to be minimal as the 
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433 metabolic pathway where these assumptions was applied were either not major metabolic pathways 

434 or there were indications from available literature that the assumption may be true.  Also, the 

435 elimination phase of the observed concentration time profiles in neonate simulation based on Zuppa 

436 et al (2011) was not well recovered by the model, this may have been due to the fact that the sample 

437 size involved  in the clinical study (2 subjects in the 12.5 mg study and 1 subject in the 15 mg 

438 study) was too small to capture the interindividual variabilities that was simulated by the model as 

439 the model sufficiently captured the inter-individual variabilities observed in other clinical studies 

440 with larger sample sizes (Figure 2 -4).  

441 5. CONCLUSION

442 An APAP PBPK model incorporating the ontogeny of UGTs, SULTs and CYPs in all paediatric 

443 age groups including preterm neonates was successfully developed and adequately predicted the 

444 age-dependent changes in the metabolism of APAP and urinary recovery ratio of APAP-G and 

445 APAP-S metabolites which was largely consistent with clinically reported values. Sulfation 

446 accounted for most of APAP clearance in children with the highest contribution (68 %) being in 

447 preterm neonates. It was also confirmed that CO reductions up to -30 % did not significantly affect 

448 the PK of APAP in preterm neonates. 
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712 LIST OF FIGURES

713

714 Figure 1: The three-step strategy implemented during the simulation of APAP 

715 pharmacokinetics in adults and paediatrics. 

716 Figure 2: Simulated plasma concentration–time profile of APAP in adults. 

717 Studies include single oral and intravenous (IV) doses of APAP as indicated and can be found in 

718 supplementary material Table S1. Shapes and error bars represent observed mean concentration-

719 time points and standard deviations retrieved from clinical studies, respectively. Open red circles 

720 in a) and b) Clement et al (1984) (Clements, Critchley, & Prescott, 1984); c) de Morais et al (1992) 

721 (de Morais, Uetrecht, & Wells, 1992); d) Prescott et al (1980) (Prescott, 1980); g) Prescott et al 

722 (1980) (Prescott, 1980); h) Rawlins et al (1977) (Rawlins, Henderson, & Hijab, 1977); i) Rawlins 

723 et al (1977) (Rawlins et al., 1977); e) open green and red diamonds were from Singla et al (2012) 

724 (Singla et al., 2012), and Rawlins et al (1977) (Rawlins et al., 1977) respectively; f) purple circle: 

725 Kamali et al (1992) (Kamali, Edwards, & Rawlins, 1992); green diamond: Singla et al (2012) 

726 (Singla et al., 2012); upright black triangle: Zapater et al (2004) (Zapater et al., 2004); inverted red 

727 triangle: Rostami et al (2002) (Rostami-Hodjegan et al., 2002); blue star: Rawlins et al (1977) 

728 (Rawlins et al., 1977). Solid lines represent population mean predictions, dashed lines represent 5th 

729 and 95th percentiles of prediction and shaded blue area represents predicted concentrations-time 

730 profiles within the 5th and 95th percentile.

731 Figure 3: Simulated plasma concentration–time profile of APAP in full term neonates, 

732 infants, children, and adolescents. 

733 Dosing regimen implemented can be found in supplementary material Table S1. Open black circles 

734 are observed individual concentration-time points retrieved from clinical studies. a) and b) 

735 represents children and adolescents (Zuppa et al, (2011) (Zuppa et al., 2011)); c) and d) represents 
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736 infants (Zuppa et al (2011) (Zuppa et al., 2011)); e), f), i) represents neonates (Cook et al (2016) 

737 (Cook et al., 2016)); g) and h) represents neonates (Zuppa et al (2011) (Zuppa et al., 2011)); j) 

738 represents neonate (Allegaert et al (2013) (Allegaert, Naulaers, Vanhaesebrouck, & Anderson, 

739 2013)). Solid lines represent population mean predictions, dashed lines represent 5th and 95th 

740 percentiles of prediction and shaded green area represents predicted concentrations-time profiles 

741 within the 5th and 95th percentile.

742 Figure 4: Simulated plasma concentration–time profile of APAP in preterm neonates. 

743 Dosing regimen implemented can be found in supplementary material Table S1. Open black circles 

744 in a), b) collated by University Hospitals, Leuven (UHL) and d) retrieved from Ganzewinkel et al 

745 (2014) (van Ganzewinkel et al., 2014) represents observed mean concentration-time data while 

746 error bar represents standard deviation. Open black circles in c) are observed individual 

747 concentration-time points collated by UHL. Solid lines represent population mean predictions, 

748 dashed lines represent 5th and 95th percentiles of prediction and shaded green area represents 

749 predicted concentrations-time profiles within the 5th and 95th percentile.

750 Figure 5: Predicted mean percentage contributions to APAP elimination across age groups.

751 UGTs (red bars), SULTs (blue bars), CYPs (green bars) and renal excretion (brown bars) to the 

752 overall clearance of APAP following the implementation of enzyme maturation across age groups. 

753 One hundred virtual subjects were involved in the simulation in all age groups.

754 Figure 6:  Predicted weight adjusted systemic clearance of APAP in preterm neonates with 

755 normal and reduced cardiac output. 

756 Cardiac output was reduced by 10 %, 20 % and 30 % respectively and simulation involved 100 

757 virtual preterm neonates. Violin plots represents the spread of predicted systemic clearance. Black 

758 dots represent predicted systemic clearance in each subject, the blue dash line represents the 

759 predicted median systemic clearance, the solid red line represents the observed mean clearance 
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760 (0.116 L/hr/kg) retrieved from Allegaert et al (2004) (Allegaert et al., 2004). The values above the 

761 violin plot are the predicted median clearances under each condition.  The red dash lines represent 

762 the upper and lower standard deviation (SD) (± 0.08 L/hr/kg) of the observed mean clearance. The 

763 pink area represents the clearance values within the observed SD of the observed mean clearance.

764
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765 TABLES

766 Table 1: Input parameters used to develop the APAP model in adults and paediatrics

Parameter Optimised adult 
model

Optimised paediatric 
model

Compound type Monoprotic Acid

Molecular weight (g/mol) 151.2 (PubChem, 2021)

log P 0.51 (Jiang et al., 2013)

fup 0.82 (Jiang et al., 2013)

pKa 9.46 (Jiang et al., 2013)

B:P 1.58 (Jiang et al., 2013)

Absorption model ADAM

Peff (10-4 cm/s) 12 (Villiger, Stillhart, Parrott, & Kuentz, 2016)

fa 0.99a

ka (h-1) 5.24a

Solubility (mg/mL) at pH 8.94 13.65 (Villiger et al., 2016)

Distribution model Full

Vss (L/kg) 1.01a 1.11a

Kp scalar 2b 2.2b

CLiv L/h 19.7 (Jiang et al., 2013)

CLR L/h 1.12  (Ladumor et al., 2019)

fCL, renal 0.057c

CLH (L/h) 18.6 (Ladumor et al., 2019)

767 a: Simcyp mechanistic prediction; b: empirically optimised using weighted least square (WLS) 

768 objective function and the Nelder-Mead minimisation method; c: calculated as described 

769 supplementary material (section A); log P: the logarithm of the n-octanol:buffer partition 

770 coefficient; fup: unbound fraction in plasma; pKa: dissociation constant; B:P: blood-to-plasma 

771 ratio; ADAM: advanced dissolution, absorption and metabolism model; Peff: human jejunum 

772 effective permeability; fa: fraction of dose absorbed; ka absorption rate constant; Vss: steady state 

773 volume of distribution; Kp scalar: scalar applied to all predicted tissue partition values; CLiv: 

774 systemic clearance; CLR: renal clearance; fCL,renal; fraction of drug cleared renally; CLH: hepatic 

775 clearance.

776 Table 2: Metabolic clearance parameters used in the APAP model 
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DME fm
a Km (µM) Vmaxb          

(pmol/min/mg protein)

UGT1A1 0.162 5500 (Ladumor et al., 2019) 7015

UGT1A9 0.162 9200 (Ladumor et al., 2019) 11734

UGT2B15 0.216 23000 (Ladumor et al., 2019) 39113

SULT1A1 0.176 2400 (Adjei et al., 2008) 1629

SULT1A3 0.042 1500 (Adjei et al., 2008) 243

SULT1E1 0.024 1900 (Adjei et al., 2008) 176

SULT2A1 0.06 3700 (Adjei et al., 2008) 856

CYP1A2 0.021 220 (Laine et al., 2009) 36.4

CYP2C9 0.002 660 (Laine et al., 2009) 10.4

CYP2C19 0.002 2000 (Laine et al., 2009) 31.5

CYP2D6 0.002 440 (Laine et al., 2009) 6.9

CYP2E1 0.003 4020 (Laine et al., 2009) 94.9

CYP3A4 0.064 130 (Laine et al., 2009) 65.5

777 a; fm: fraction of drug metabolised retrieved from Ladumor et al (2019) (Ladumor et al., 2019) b: 

778 calculated as described in section 2.1; DME: drug metabolising enzyme; Vmax: maximum 

779 velocity; Km: Michaelis-Menten constant.

780
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781 Table 3: Predicted and observed pharmacokinetic parameters of APAP across all age groups

782 a: value in brackets represents the coefficient of variation; b: value in bracket represents the 

783 standard error of mean; c: value in bracket represents the range; SD: standard deviation; NR: not 

784 reported; NA: not available; Cmax: Maximum concentration after dose; AUC: area under the 

Predicted Observed Predicted/Observed 
Ratio (R)Population Clinical study

Cmax (SD) µg/ml AUC (SD) 
µg/ml.h Cmax (SD) µg/ml AUC (SD) 

µg/ml.h Cmax AUC 

Clement et al 4.4 (0.5) 21.6 (5.25)* NR 18.4 (1.7)* - 1.17

17.8 (1.9) 88.1 (21.6)* NR - - -

Kamali et al 12.1 (2.93) 39.8 (9.9)† 17.5 (7.8) 32.2 (7.2)† 0.69 1.24

Singla et al 12.1 (2.93) 39.8 (9.9)† 12.3 (45.2)a 29.4 (52.3)†a 0.98 1.35

29.2 (4.8) 46.6 (10.6)† 21.6 (17.9)a 42.5 (16.5)†a 1.35 1.10

Zapater et al 12.1 (2.93) 39.8 (9.9)† 15.9 (3.5) 38.8 (4.3)† 0.76 1.03

Rostami et al 12.1 (2.93) 55.1 (16.5)* 18.0 (10) 54.8 (13.0)* 0.67 1.01

Rawlins et al 24.6 (5.9) 112.8 (36.2)* NR 87.9 (12.6)*b - 1.28

12.1 (2.93) 55.1 (16.5)* NR 44.0 (3.7)*b - 1.25

6.0 (1.5) 27.1 (8.1)* NR 15.6 (3.4)*b - 1.74

29.2 (4.8) 62.4 (16.9)* NR 50.5 (5.7)*b - 1.24

Prescott et al 18.9 (2.1) 53.7 (12.9)* NR 36.7 (1.2)* - 1.46

10.1 (1.5) 46.2 (13.4)* NR 28.0 (5.8)* - 1.65

A
du

lt

de Morais et al 41.1 (4.7) 88.5 (21.7)* NR NR - -
Zuppa et al 28.9 (4.36)‡ 82.5 (36.2)** 23.9 (14.6-108)‡c 47.7 (22.4-132)**c 1.21 1.73

A
do

le
sc

en
t

30.7 (4.0)‡ 79.1 (31.5)** 27.1 (16.7-38.2)‡c 64.0 (33.2-84.1)**c 1.13 1.23

Zuppa et al 26.1 (3.4)‡ 70.9 (29.9)** 24.3 (3.84-35.1)‡c 37.8 (11.3-52.3)**c 1.07 1.88

C
hi

ld
re

n

 27.8 (2.9)‡ 69.0 (26.1)** 25.3 (11.5-97.1)‡c 48.0 (32.2-131)**c 1.10 1.44

Zuppa et al 29.9 (3.8)‡ 56.1 (14.7)** 21.9 (4.2-25.3)‡c 43.3 (9.2-79.2)**c 1.37 1.30

In
fa

nt

31.2 (3.2)‡ 66.8 (17.4)** 20.1 (15-151)‡c 51.9 (36-200)**c 1.55 1.29

Cook et al 17.0 (0.8) 64.6 (7.1)# NR NR - -

 27.4 (4.0)‡ 115.4 (32.0)*** NR NR - -

23.1 (2.7)‡ 114.9 (31.9)*** NR NR - -

Zuppa et al 31.3 (4.3)‡ 96.9 (26.1)** 19.9 (19.3 -20.5)‡c 65.6 (55.4-75.4)**c 1.57 1.48

33.2 (4.0)‡ 115.7(31.0)** 32.2 (NR) 105 (NR) 1.03 1.10

N
eo

na
te

Allegaert et al 32.6 (1.7)‡ 153.2 (42.1)** NR NR - -

Ganzewinkel et al 17.6 (2.2)‡ 55.1 (14.2)*** NR NR - -

Leuven data 15.4 (0.4) 75.8 (19.5)* NA NA - -

30.8 (0.8) 153.2 (44.9)* NA NA - -

Pr
et

er
m

 n
eo

na
te

 10.9 (1.9)‡ 155.5 (46.2)*** NA NA - -
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785 concentration versus time curve; R: predicted value divided by observed value;*: AUC0-∞ ; †: 

786 AUC0-6hours; #: AUC0-24hours; ‡:Cmax after last dose; **: AUClast dose; ***:AUC last dose-∞ .

787

788 Table 4: Mean percentage contribution ratio of UGTs and SULT and urinary recoveries ratio 

789 of APAP-G and APAP-S. 

790 Predicted values represents mean and 95% confidence interval (CI). Observed value are reported 

791 mean

%UGT: %SULT ratio APAP-G: APAP-S ratio

 Predicted Predicted Observed

Adult 1.51 (1.38 - 1.65) 1.39 (1.25 - 1.50) 1.50 (Clements et al., 1984)

Adolescent 1.13 (1.04 - 1.21) 1.10 (1.01 - 1.19) 1.24 (Zuppa et al., 2011)

Child 0.94 (0.87 - 1.02) 0.88 (0.81 - 0.96) 0.75 (Miller et al., 1976)

Infant 0.53 (0.48 - 0.59) 0.42 (0.36 - 0.47) 0.97 (Zuppa et al., 2011)

Neonate 0.42 (0.38 - 0.47) 0.38 (0.35 - 0.42) 0.34 (Miller et al., 1976)

Preterm 0.39 (0.34 - 0.45) 0.36 (0.30 - 0.41) 0.27 (Allegaert et al., 2005)  
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