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ABSTRACT 28 

Oxfendazole is a potent veterinary antiparasitic drug undergoing development for human use to 29 

treat multiple parasitic infections. Results from two recently completed Phase I clinical trials 30 

conducted in healthy adults showed that the pharmacokinetics of oxfendazole is nonlinear, 31 

affected by food, and, after the administration of repeated doses, appeared to mildly affect 32 

hemoglobin concentrations. To facilitate oxfendazole dose optimization for its use in patient 33 

populations, the relationship among oxfendazole dose, pharmacokinetics and hemoglobin 34 

concentration was quantitatively characterized using population pharmacokinetic-35 

pharmacodynamic modeling. In fasting subjects, oxfendazole pharmacokinetics was well 36 

described by a one-compartment model with first-order absorption and elimination. The change 37 

in oxfendazole pharmacokinetics when administered following a fatty meal was captured by an 38 

absorption model with one transit compartment and increased bioavailability. The effect of 39 

oxfendazole exposure on hemoglobin concentration in healthy adults was characterized by a 40 

lifespan indirect response model in which oxfendazole has positive but minor inhibitory effect on 41 

red blood cell synthesis. Further simulation indicated that oxfendazole has a low risk of posing a 42 

safety concern regarding hemoglobin concentration, even at a high oxfendazole dose of 60 43 

mg/kg once daily. The final model was further used to perform comprehensive target attainment 44 

simulations for whipworm infection and filariasis at various dose regimens and target attainment 45 

criteria. The results of our modeling work, when adopted appropriately, have the potential to 46 

greatly facilitate oxfendazole dose regimen optimization in patient populations with different 47 

types of parasitic infections.  48 
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1 INTRODUCTION 49 

Neglected tropical diseases are a diverse set of infections caused by bacteria, viruses, protozoa, 50 

and metazoan that affect more than 1.5 billion people worldwide(1). Even though some 51 

neglected tropical diseases have been effectively controlled and almost eradicated, there remain 52 

multiple difficult-to-treat infections, which include neurocysticercosis, trichuriasis, 53 

echinococcosis, fascioliasis, and filariasis. Although these diseases are currently treated by the 54 

benzimidazole anthelmintic drugs albendazole, mebendazole, or triclabendazole, these 55 

treatments are not optimal due to their low efficacy(2-5), drug resistance(6), and/or unfavorable 56 

pharmacokinetics (e.g. short and greatly variable half-life)(7-9).  57 

Oxfendazole is a potent benzimidazole anthelmintic marketed to treat lungworm and enteric 58 

helminths in animals(10). A single oral low dose of oxfendazole effectively reduced worm 59 

burden in Trichuris suis infected pigs(11, 12), a surrogate model of human whipworm infection. 60 

In filaria infected mice, orally or subcutaneously administered oxfendazole demonstrated up to 61 

100% macrofilaricidal efficacy at a dosing regimen of 25 mg/kg daily for 5 days(13). The 62 

preclinical efficacy of oxfendazole in the treatment of neurocysticercosis, echinococcosis, and 63 

fascioliasis were presented in detail in a recent review(14). These results suggest that 64 

oxfendazole is a potential candidate for the treatment of multiple parasitic infections in humans. 65 

This is further supported by the favorable safety(10, 15) and pharmacokinetic profiles of 66 

oxfendazole in preclinical species. Oxfendazole exposure and half-life were greater than or 67 

comparable to those of albendazole and mebendazole in dogs(16), sheep(17), pigs(18, 19), and 68 

rats(15, 20). 69 

Previously, the safety, tolerability, and pharmacokinetics of oxfendazole and its metabolites in 70 

healthy adults were evaluated following oral administration of single ascending oxfendazole 71 
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doses between 0.5 and 60 mg/kg(21). In that study, oxfendazole was the major moiety detected 72 

in plasma, followed by oxfendazole sulfone and fenbendazole(21). The same relative systemic 73 

exposure to parent drug and metabolites was observed in pigs(22), supporting their use as an 74 

appropriate preclinical model for oxfendazole toxicity and efficacy. In a disposition study of 75 

oxfendazole in T. suis infected pigs, the oxfendazole concentration in whipworm tissue was 76 

highly correlated to the drug’s concentration in pig plasma(22), suggesting that plasma is a 77 

significant route for oxfendazole access to whipworm. Further, in humans, the dose-normalized 78 

exposure of oxfendazole was 27 times higher than that of albendazole and 538 times higher than 79 

that of mebendazole(23-25). Taken together, these data suggest that oxfendazole has an 80 

advantageous pharmacokinetic profile compared to those of albendazole and mebendazole for 81 

the treatment of whipworm infection in humans. 82 

Given the encouraging results from the single ascending dose oxfendazole clinical trial, we 83 

recently completed and published the results of the second clinical trial assessing oxfendazole 84 

safety, tolerability, and pharmacokinetics in healthy adults following the administration of 85 

multiple ascending doses from 3 to 15 mg/kg (ClinicalTrials.gov ID: NCT03035760)(23). In 86 

healthy adults, oxfendazole absorption was rapid with a time to maximum concentration (Tmax) 87 

of ~2 h. Oxfendazole elimination half-life (9.21 – 11.8 h) was consistent across dose groups and, 88 

following the administration of multiple doses at 24 h intervals, oxfendazole plasma levels 89 

reached steady state on Day 3 with little accumulation (accumulation ratio: 0.970 – 1.27). 90 

Oxfendazole exhibited substantial nonlinear pharmacokinetics with a less than dose-proportional 91 

increase in plasma exposure with escalating doses, most likely due to oxfendazole’s low 92 

solubility, which caused a decrease a bioavailability with increasing doses. When oxfendazole 93 

was administered following a high-fat breakfast, oxfendazole’s peak concentration (Cmax) 94 
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increased 1.49 times and the Tmax increased by 6.88 h compared to those in the fasted state. A 95 

mild decrease in hemoglobin concentration with increasing oxfendazole dose was observed, 96 

although hemoglobin concentrations remained within the normal range for most subjects. 97 

Because oxfendazole concentration in plasma is related to both efficacy and potential 98 

hematologic effects, an insight into the correlation between oxfendazole dose and exposure is 99 

important for dose optimization. However, oxfendazole nonlinear pharmacokinetics makes 100 

correlation of oxfendazole dose to exposure difficult. Therefore, in this study, we performed a 101 

secondary analysis of oxfendazole pharmacokinetics and its effect on hemoglobin concentration 102 

using the population pharmacokinetic-pharmacodynamic (popPK/PD) modeling approach. 103 

Because a popPK/PD model describes the underlying system, once developed, the model can be 104 

used to predict oxfendazole PK/PD with new dosing regimens that have not been evaluated in 105 

humans, as well as applied to other efficacy endpoints. Thus, we have applied the developed 106 

popPK/PD model of oxfendazole to predict 1) the change in hemoglobin concentration following 107 

multiple ascending doses from 3 to 60 mg/kg, and 2) the probability of target attainment of 108 

oxfendazole in treating whipworm infection and filariasis in humans.   109 
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2 RESULTS 110 

2.1 Population pharmacokinetic-pharmacodynamic model 111 

2.1.1 Structural model 112 

Pharmacokinetic model 113 

Structural pharmacokinetic models for oxfendazole in the fasted state and fed state are presented 114 

in Figure 1A and Figure 1B, respectively. The prolonged absorption of oxfendazole in the fed 115 

state was best captured by an absorption model with 1 transit compartment.  116 

Pharmacodynamic model 117 

Two models were examined to characterize the decrease in hemoglobin concentration with 118 

multiple ascending oxfendazole doses: 1) the basic indirect response model with inhibition of 119 

hemoglobin synthesis and 2) the lifespan indirect response model with inhibition of red blood 120 

cell synthesis. The two models performed similarly well based on Akaike Information Criterion 121 

(AIC), parameter feasibility and precision, and goodness-of-fit plots. The more mechanistic 122 

lifespan model (Figure 1A) was chosen as the final structural pharmacodynamic model because 123 

it is known that red blood cells are cleared after an average of 120 days in adults (i.e., they have 124 

relatively consistent lifespan). In this model, oxfendazole’s inhibitory effect on hemoglobin 125 

synthesis was linearly correlated to oxfendazole concentration in plasma. 126 

2.1.2 Stochastic model 127 

Inter-individual and inter-occasion variability of all pharmacokinetic parameters were 128 

investigated. Inter-individual variability in transit rate constant (kTR), absorption rate constant 129 

(ka), oxfendazole apparent volume of distribution (VOXF), oxfendazole apparent clearance 130 
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(CLOXF), and hemoglobin synthesis rate constant (kin), and inter-occasion variability in VOXF and 131 

CLOXF were significant. 132 

2.1.3 Covariate model 133 

None of the evaluated covariates had significant impact on oxfendazole pharmacokinetics. Sex 134 

significantly affected kin, with kin in females being 91.3% (95% confidence interval: 90.8 – 135 

91.8%) of that in males (Table 1). 136 

2.1.4 Model evaluation 137 

Model evaluation based on goodness-of-fit plots indicated no systemic bias in terms of 138 

oxfendazole plasma concentration (Supplementary Figure S1) or hemoglobin concentration 139 

(Supplementary Figure S2). Figure 2 presents the time course of population predicted 140 

oxfendazole concentrations versus the mean observed oxfendazole concentrations following the 141 

administration of multiple ascending doses (upper panel) or a single dose in fasted and fed states 142 

(lower panel). The change in population predicted hemoglobin concentration versus change in 143 

observed hemoglobin concentration after the administration of multiple oxfendazole doses is 144 

presented in Figure 3. Overall, there was good agreement between model predicted and 145 

observed data under all dosing regimens and conditions, indicating that the model was sufficient 146 

at capturing oxfendazole PK/PD. 147 

Final estimates of model parameters are summarized in Table 1. Relative standard error (%RSE) 148 

was <30% for all PK/PD parameters, suggesting that all PK/PD parameters were estimated with 149 

good precision. The estimated variance of inter-individual variability in ka, kTR, and VOXF had 150 

%RSE of more than 50%. However, removal of these inter-individual variability terms 151 

negatively impacted model performance. Condition numbers (ratio of the highest to the lowest 152 

eigenvalue) were 269.3 for the final pharmacokinetic model and 1.6 for the final 153 
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pharmacodynamic model. Condition numbers being less than 1000 indicate that the model is not 154 

ill-conditioned or over-parameterized. 155 

Model predictive performance was evaluated using prediction-corrected visual predictive check 156 

as presented in Figure 4 for all dose groups and in Supplemental Figure S4 and S5 for each 157 

dose group. Based on these figures, the observed 5
th

, 50
th

 and 95
th

 percentiles were within 95% 158 

confidence interval of the respective simulated percentiles, suggesting that the final popPK/PD 159 

model for oxfendazole and its effect on hemoglobin concentrations had good predictive 160 

performance. 161 

2.2 Simulation 162 

2.2.1 Simulation of exposure-response on safety 163 

To investigate the maximal decrease in hemoglobin concentrations following the administration 164 

of multiple ascending oxfendazole doses, hemoglobin concentrations in healthy subjects were 165 

simulated following the administration of multiple ascending oxfendazole doses at 3, 7.5, 15, 30, 166 

and 60 mg/kg once daily for 5 days and compared to the normal range and toxicity grade 1 – 3 167 

ranges of hemoglobin in adults. Among the simulated doses, 3 – 15 mg/kg were evaluated in 168 

oxfendazole multiple ascending dose trial, and 30 – 60 mg/kg doses were evaluated in the single 169 

ascending dose trial. The simulation did not include doses higher than 60 mg/kg because 170 

oxfendazole exposure is saturated due to dose-limited bioavailability(21). 171 

Simulated hemoglobin concentrations following the administration of multiple ascending doses 172 

of oxfendazole to males and females are presented in Figure 5. According to the lifespan model, 173 

baseline hemoglobin concentration is a product of TR and kin. Because inter-individual variability 174 

in TR was fixed to 0, the variability in simulated hemoglobin concentration at baseline was due to 175 

inter-individual variability of kin (Table 1). Although the magnitude of the decrease in 176 

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

ac
 o

n 
15

 N
ov

em
be

r 
20

21
 b

y 
26

20
:0

:e
50

:3
40

0:
68

c6
:c

45
7:

92
1a

:7
86

f.



9 

 

hemoglobin concentration increased with ascending oxfendazole doses (Figure 5), the median 177 

hemoglobin concentration remained in the normal range at all dose levels.  178 

2.2.2 Simulation of exposure-response on efficacy 179 

Target attainment analysis for whipworm infection – approach #1 180 

In the first approach to target attainment analysis for whipworm infection, an IC50 = 480 ng/mL 181 

was estimated as the concentration of oxfendazole in plasma that resulted in 50% inhibition of 182 

tubulin assembly in whipworm. (Detailed derivation of this concentration is described in the 183 

Methods section.) 184 

If 100% of adult whipworms are eliminated from the body when peak concentration at steady 185 

state (Cmax,ss) is equal to IC50, 100% of the patients would be cured even at the lowest simulated 186 

dose of 0.5 mg/kg (Figure 6). If targeted Cmax,ss = 5*IC50, 90% target attainment was achieved at 187 

doses ≥7.5 mg/kg. At targeted Cmax,ss = 10*IC50, 90% target attainment was achieved at doses 188 

≥50 mg/kg. At targeted Cmax,ss  15*IC50, probability of target attainment dropped below 70% at 189 

all doses 0.5 – 60 mg/kg. 190 

Because whipworm elimination might depend on how long the worm is exposed to oxfendazole, 191 

target attainment analysis was additionally performed based on T>IC50 (i.e., the percent time of a 192 

dosing interval (24 h) at steady state during which oxfendazole concentration is above IC50), and 193 

the results are summarized in Table 2. According to Table 2, if maintenance of oxfendazole 194 

concentration above IC50 (T>IC50 = 100%) is required for complete whipworm elimination, 90% 195 

of the patients would be completely cured at oxfendazole doses of 30 – 60 mg/kg. If T>IC50 ≥ 196 

80% is taken as the criteria for complete deworming, 90% target attainment is reached at doses 197 
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10 

 

above 5 mg/kg. At T>IC50 ≥ 60%, 90% target attainment is achievable at doses above 4 mg/kg. At 198 

T>IC50 ≥ 40%, 90% target attainment is possible at doses as low as 1 mg/kg. 199 

Target attainment analysis for whipworm infection – approach #2 200 

In the second approach to target attainment analysis for whipworm infection, IC50 = 5290 ng/mL 201 

was estimated as the concentration of oxfendazole in plasma at which 50% of adult whipworms 202 

are killed. (Rationales for the proposed IC50 is discussed in the Methods section.) 203 

Assuming that whipworm elimination depends on oxfendazole Cmax,ss, to achieve 100% cure rate, 204 

Cmax,ss must be higher than IC50 of 5290 ng/mL. According to Figure 7, the probability of target 205 

attainment was less than 90% for all doses other than the 60 mg/kg dose. Table 3 presents the 206 

probability of target attainment based on T>IC50. For T>IC50 ≥ 40%, probability of target 207 

attainment is less than 50% at all doses (0.5 – 60 mg/kg). 208 

Target attainment analysis for filariasis 209 

Based on a mouse model of filariasis, the macrofilaricidal effect (i.e., killing of adult worms) of 210 

oxfendazole is driven by the maintenance of the minimal efficacious concentration (MEC) of 211 

100 ng/mL in plasma. To account for uncertainty extrapolating exposure-response data from 212 

mouse to human, target attainment analysis was performed at different MEC values ranging from 213 

100 to 4000 ng/mL. The mean simulated concentration-time profile of oxfendazole in human 214 

plasma following multiple ascending doses (0.5 – 60 mg/kg once daily for 5 days) compared to 215 

different MEC levels are presented in Figure 8A, and the probability of target attainment at 216 

different MEC values and dosing regimens are presented in Figure 8B. According to Figure 8A, 217 

the mean concentrations of oxfendazole at all doses are above MEC throughout the dosing 218 

interval given MEC = 100 and 200 ng/mL. Correspondingly, Figure 8B demonstrates that the 219 
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11 

 

probability of target attainment at MEC = 100 ng/mL is in the range of 90 – 100% under all 220 

dosing regimens. At MEC = 200 ng/mL, probability of target attainment is ≥ 90% at doses of at 221 

least 3 mg/kg. At MEC = 500 ng/mL, 90% target attainment is achieved only at doses of 30 222 

mg/kg and above. At MEC = 1000 ng/mL and 1500 ng/mL, even the highest doses (50 and 60 223 

mg/kg) can reach only ~75% and 50% target attainment, respectively. At MEC ≥ 2000 ng/mL, 224 

none of the simulated dose can pass 50% target attainment. 225 

  226 
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3 DISCUSSION 227 

We have successfully developed a popPK/PD model characterizing oxfendazole 228 

pharmacokinetics and its effect on hemoglobin concentrations in healthy adults in a multiple 229 

ascending dose and food effect evaluation study. Oxfendazole nonlinear pharmacokinetics, 230 

attributed to oxfendazole’s low solubility, was modeled with dose-dependent bioavailability. The 231 

delay in oxfendazole absorption, as well as the increase in oxfendazole exposure in the fed 232 

compared to the fasted state were sufficiently captured by the addition of one transit 233 

compartment and increase in bioavailability, respectively. According to the model estimated 234 

parameters (Table 1), oxfendazole bioavailability reduced significantly (22 times) as the dose 235 

increased from 0.5 mg/kg to 60 mg/kg. Based on the model developed, oxfendazole’s apparent 236 

volume of distribution and apparent clearance at the lowest dose were estimated to be 34.5 L and 237 

2.57 L/h (Table 1), respectively, indicating that oxfendazole distribution is moderate and 238 

oxfendazole hepatic extraction is low. A previous non-compartmental analysis showed that in 239 

subjects who have consumed a fatty meal, oxfendazole AUC increased 1.86 times and its Tmax 240 

was delayed by 6.88 h(23) compared to those parameters measured in fasting subjects. In 241 

agreement with the published non-compartmental analysis results(23) our present model 242 

estimated a 2.08-fold (Table 1) increase in oxfendazole bioavailability in the fed state compared 243 

to the fasted state. In addition, in the fed state, oxfendazole absorption included one transit 244 

compartment with the transit rate constant (0.412 h
-1

) being much lower than the absorption rate 245 

constant of oxfendazole in the fasted state (1.2 h
-1

) (Table 1).  246 

The effect of oxfendazole pharmacokinetics on hemoglobin concentration following multiple 247 

doses was sufficiently characterized by a red blood cell lifespan model with kin inhibition. 248 

Oxfendazole inhibitory effect on kin followed a linear function with linear coefficient of 249 
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0.000458 (95% confidence interval: 0.000377 – 0.000539) (Table 1). At baseline, hemoglobin 250 

kin in males was estimated to be 0.00509 g/dL/h (equivalent to 0.122 g/dL/day). Hemoglobin kin 251 

in females was 91.3% of that in males (Table 1), a result expected considering the lower normal 252 

range of hemoglobin concentration observed in females than in males (Figure 5). Inter-253 

individual variability in oxfendazole pharmacokinetics and pharmacodynamics were low to 254 

moderate, ranging from 6% (kin inter-individual variability) to 47% (kTR inter-individual 255 

variability) (Table 1), which was expected of healthy adult subjects. A limitation of the current 256 

pharmacodynamic model is its lack of inclusion of a feedback regulation parameter, thus 257 

preventing its use to extrapolate to predict hemoglobin concentration after Day 5. 258 

The developed model was used for exposure-response simulations on safety and efficacy. 259 

Regarding oxfendazole safety, simulation of hemoglobin concentration following administration 260 

of multiple ascending doses of oxfendazole (3 – 60 mg/kg once daily for 5 days) demonstrated a 261 

decrease in hemoglobin concentration with increasing oxfendazole dose (Figure 5). However, 262 

the median hemoglobin concentrations remained in normal range, with the simulated 5
th

 263 

percentile reading into the Grade 1 or Grade 2 toxicity levels. Note the predicted value of the 5
th

 264 

percentile is below the normal range prior to the administration of oxfendazole. 265 

In terms of oxfendazole efficacy in the treatment of whipworm infection, four scenarios were 266 

explored: Cmax,ss ≥ IC50 = 480 ng/mL, T>IC50 (IC50 = 480 ng/mL), Cmax,ss ≥ IC50 = 5290 ng/mL, 267 

and  T>IC50 (IC50 = 5290 ng/mL). The two different IC50 values were estimated based on different 268 

in vitro models with different sets of assumptions as described in the Methods section. Cmax,ss ≥ 269 

IC50 = 480 ng/mL was the easiest to achieve target with 100% of the population predicted to 270 

meet this requirement even at 0.5 mg/kg dose, and 90% of the population predicted to have 271 

oxfendazole concentrations in plasma above 480 ng/mL throughout the dosing interval (i.e., 272 
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T>IC50 = 100%) with 30 – 60 mg/kg dose. In contrast, with IC50 = 5290 ng/mL, 90% of the 273 

population is predicted to have Cmax,ss≥ IC50 = 5290 ng/mL only at the highest dose of 60 mg/kg, 274 

and less than 5% of the population maintains an oxfendazole concentration in plasma above IC50 275 

= 5290 ng/mL throughout the dosing interval. Increasing the dose over 60 mg/kg would not 276 

improve the probability of target attainment as oxfendazole exposure increased less than dose 277 

proportionally with increasing dose. Due to the lack of exposure-response analysis on 278 

oxfendazole efficacy in treating whipworm infection, target attainment analysis was performed 279 

using two approaches with different sets of assumptions. The two approaches estimated two IC50 280 

values which differed by 11 folds and resulted in dramatically differing probabilities of target 281 

attainment at clinically relevant doses. In addition, with the increase in dose, the change in 282 

efficacy can be very different between IC50 = 480 ng/mL and IC50 = 5290 ng/mL. At the lower 283 

IC50, increasing dose from 15 to 60 mg/kg was predicted to result in only 10% increase in 284 

probability of target attainment with the target being T>IC50 = 100%. Meanwhile, at the higher 285 

IC50, increase in dose from 15 to 60 mg/kg was predicted to increase the probability of target 286 

attainment by nearly 30% with the target being T>IC50≥40%. Thus, results of target attainment 287 

analysis should be considered with caution. 288 

For filariasis treatment, assuming that the minimal efficacious concentration of oxfendazole in 289 

mouse (100 ng/mL)(26) and human is the same, 90% target attainment is feasible even at low 290 

dose (0.5 mg/kg). 291 

The in vitro study monitoring adult T. muris motility in culture as an indication of live worms 292 

reported IC50 values of 17.7 µM, 24.2 µM, 14.3 µM, and 55.2 µM for albendazole, albendazole 293 

sulfoxide, mebendazole and oxfendazole, respectively, indicating that oxfendazole was the least 294 

potent among the four benzimidazoles(26). Correspondingly, ED50 (dose at 50% worm burden 295 
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reduction) values of oxfendazole and albendazole were higher than that of mebendazole in T. 296 

muris infected mice. The ED50 values obtained were: Oxfendazole >300 mg/kg, albendazole = 297 

345 mg/kg and mebendazole = 79 mg/kg(26). The study author speculated that oxfendazole 298 

would not be any better than albendazole and mebendazole in treating whipworm infection in 299 

humans. However, this conclusion may be premature based on the following two considerations: 300 

First, the exposure of oxfendazole in human was 27 times higher than that of albendazole 301 

sulfoxide (the major active moiety in human plasma following albendazole oral administration) 302 

and 538 times higher than that of mebendazole (23-25). Meanwhile, the oxfendazole IC50 303 

determined in vitro was higher than that of albendazole sulfoxide and mebendazole by only 2-4 304 

fold(26). Thus, the higher exposure of oxfendazole compared to albendazole sulfoxide and 305 

mebendazole could potentially compensate for oxfendazole lower in vitro potency. Second, mice 306 

might not be a good model for oxfendazole disposition and efficacy in human due to potentially 307 

different pharmacokinetic features. Oxfendazole’s metabolic profile in mice is not currently 308 

available. However, according to oxfendazole pharmacokinetic studies in the rat, following 309 

oxfendazole oral administration, oxfendazole sulfone was the most abundant moiety in plasma 310 

followed by oxfendazole and fenbendazole(27). Meanwhile, in humans, oxfendazole was the 311 

predominant moiety in plasma followed by oxfendazole sulfone and fenbendazole(21). 312 

Considering that oxfendazole and fenbendazole are active while oxfendazole sulfone is inactive, 313 

the lack of efficacy in mice might be due to oxfendazole pharmacokinetics (i.e., low systemic 314 

exposure) rather than pharmacodynamics (i.e., in vitro IC50). 315 

It is worth pointing out that the current model was developed based on oxfendazole 316 

pharmacokinetics and safety data obtained from healthy adults. When oxfendazole is to be used 317 

in patients with neglected tropical infections in Sub-Saharan Africa, South-East Asia and South 318 
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America, some differences in subjects’ physical and health status might affect oxfendazole’s 319 

exposure and response. For example, subjects in our study are primarily Caucasian with an 320 

average weight of 82.4 kg, which is 32-55% higher than the average weight of adults in Africa 321 

and South-East Asia(28). Another difference is with baseline hemoglobin concentrations. 322 

Patients in neglected tropical disease pandemic area might have low baseline hemoglobin 323 

concentrations due to other conditions, such as malaria(29) or hookworm infection(30). In our 324 

study, oxfendazole appeared to have a mild suppressive effect on hemoglobin concentrations, 325 

therefore, attention to hemoglobin concentrations in future studies in patients are warranted. 326 

In conclusion, we have developed a robust popPK/PD model which can adequately characterize 327 

oxfendazole pharmacokinetics and its effect on hemoglobin concentration in healthy adults 328 

following multiple ascending doses (3 – 15 mg/kg), and the effect of food on oxfendazole 329 

pharmacokinetics. The model was used to comprehensively evaluate the probability of target 330 

attainment of oxfendazole for whipworm infection and filariasis in human following various 331 

dose regimens and under different target attainment criteria. Due to the lack of available data on 332 

oxfendazole exposure-response in against whipworm infection in human, results of target 333 

attainment analysis should be interpreted with caution. Nevertheless, the results of our modeling 334 

work, especially the target attainment analysis, are valuable for dose regimen selection in future 335 

trials in patient populations with different types of parasitic infections.  336 

  337 
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4 METHODS 338 

4.1 Clinical data 339 

The data used for popPK/PD model development comes from the multiple ascending dose and 340 

food-effect study of oxfendazole in healthy adults that was published recently(23). Key 341 

information of the study is summarized below. 342 

The study enrolled 36 subjects, 24 subjects in the multiple ascending dose evaluation and 11 343 

subjects in the food-effect evaluation. Subject demographics are summarized in Supplementary 344 

Table S1. Overall, demographic and baseline characteristics were similar across dose groups and 345 

dosing conditions. In the multiple ascending dose evaluation, subjects were randomized into 346 

three groups (8 subjects /group) corresponding to oxfendazole doses of 3, 7.5, and 15 mg/kg. 347 

Oxfendazole was administered as an oral suspension in a fasted state once daily for 5 days. 348 

Blood samples for pharmacokinetics assessment were collected on Day 1 at pre-dose and at 0.5, 349 

1, 2, 3, 4, 6, 9, and 12 h post-dose. On Day 2, 3 and 4, samples were collected pre-dose and at 2 h 350 

post-dose. Samples were collected at 0, 0.5, 1, 2, 3, 4, 6, 9, 12, 24, 72 and 120 h after the last 351 

dose. Blood samples for safety assessment including hematology, biochemistry, and coagulation 352 

studies were collected at pre-dose on Day 1, 3, and 5, and at 72 h and 120 h after the last dose. 353 

The food-effect evaluation adopted a randomized two-period (separated by 7 days) cross-over 354 

study design with subjects taking a single oral dose of oxfendazole at 3 mg/kg following an 355 

overnight fast or a high-fat breakfast. Blood samples for oxfendazole quantification were 356 

collected at pre-dose and at 0.5, 1, 2, 3, 4, 5, 6, 9, 12, and 24 h after each dose and one sample 357 

was collected from each subject on Day 14. For safety assessment, blood samples were collected 358 

at pre-dose, Day 4, and Day 14. 359 
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The oxfendazole concentration in plasma was quantified using a validated liquid 360 

chromatography-tandem mass spectrometry assay with linear range of 0.5 – 1000 ng/mL(31). 361 

Intra-day and inter-day accuracy of the quantitative method was in the range of 106.9 – 109.5%, 362 

and the coefficient of variability was no greater than 13.6%(31). Samples above the upper limit 363 

of quantification were diluted appropriately with blank human plasma(31). All samples were 364 

analyzed within the previously established stability time frame. 365 

In total, 648 and 252 pharmacokinetics samples were collected and analyzed for the multiple 366 

ascending dose evaluation and the food-effect evaluation, respectively. Seven samples were 367 

disregarded due to sample misidentification. One hundred and twenty samples from the multiple 368 

ascending dose study and 36 samples from the food-effect study were collected and analyzed for 369 

safety assessment. There was no drug-related change in any of the safety parameters except for 370 

hemoglobin concentrations in subjects in the multiple ascending dose study(23). Therefore, only 371 

hemoglobin concentrations from subjects in the multiple ascending dose evaluation were 372 

included in the popPK/PD model. 373 

4.2 Population pharmacokinetic-pharmacodynamic development 374 

NONMEM 7.4.0 (Icon Development, Ellicott City, MD, USA) with stochastic approximation 375 

expectation-maximization (SAEM) method and ADVAN13 subroutine was employed for 376 

nonlinear mixed-effect modeling. Visual predictive checks were performed using Perl-speaks-377 

NONMEM (PsN) 4.8.0 (Uppsala Pharmacometrics Group) interfaced with Pirana 2.9.9 (Certara, 378 

Princeton, NJ, USA). R 4.0.2 (R Core Team) and RStudio 1.4.1103 (RStudio, PBC, Boston, MA, 379 

USA) were used for data processing and visualization. 380 
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4.2.1 Handling of missing and BLQ data 381 

Less than 2% clinical samples (14 out of 893 samples) had a concentration below the limit of 382 

quantification (BLQ). Because the number of BLQ samples was low and all BLQ samples were 383 

collected after 120 h (i.e., more than 5 half-lives of oxfendazole), BLQ data were omitted from 384 

the popPK/PD analysis. 385 

4.2.2 Structural model 386 

Structural pharmacokinetic and pharmacodynamic models were developed sequentially. 387 

Pharmacokinetic model: The structural pharmacokinetic model for oxfendazole and metabolites 388 

in healthy adults following the administration of single ascending doses published previously(32) 389 

was adopted as the starting model. This model consisted of a depot compartment and a 390 

distribution compartment with first-order absorption and elimination. Because oxfendazole is a 391 

BCS class II drug with low solubility, the drug’s bioavailability decreases with increasing dose, 392 

which resulted in a less-than-dose proportional increase in exposure following ascending doses. 393 

Additionally, when oxfendazole was administered following a high fat meal, the bioavailability 394 

was increased. Consequently, oxfendazole bioavailability (𝐹) was modeling using the following 395 

equation, 396 

 397 

𝑙𝑜𝑔(𝐹) = θ1𝑙𝑜𝑔 (
𝐷𝑜𝑠𝑒

θ2
) + (𝑓𝑎𝑠𝑡 − 1)𝑙𝑜𝑔(θ3)  (1) 398 

Where 𝑓𝑎𝑠𝑡 = 0 if oxfendazole is administered in the fasted state, otherwise 𝑓𝑎𝑠𝑡 = 1. 399 

According to equation (1), in the fasted state 400 

𝑙𝑜𝑔(𝐹𝑓𝑎𝑠𝑡) = 𝜃1𝑙𝑜𝑔 (
𝐷𝑜𝑠𝑒

𝜃2
) − 𝑙𝑜𝑔(𝜃3)   (2) 401 
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And in the fed state 402 

𝑙𝑜𝑔(𝐹𝑓𝑒𝑑) = θ1𝑙𝑜𝑔 (
𝐷𝑜𝑠𝑒

θ2
)    (3) 403 

Therefore 404 

𝑙𝑜𝑔 (
𝐹𝑓𝑒𝑑

𝐹𝑓𝑎𝑠𝑡
) = 𝑙𝑜𝑔(𝐹𝑓𝑒𝑑) − 𝑙𝑜𝑔(𝐹𝑓𝑎𝑠𝑡) = 𝑙𝑜𝑔(𝜃3) (4) 405 

Thus 406 

𝜃3 =
𝐹𝑓𝑒𝑑

𝐹𝑓𝑎𝑠𝑡
      (5) 407 

To simplify parameter estimation, it was assumed that 𝐹 = 1 at the lowest dose in the fed state. 408 

Thus, 𝜃2 was fixed to 209.25 mg (corresponding to 3 mg/kg dose in a subject weighing 69.8 kg). 409 

To capture the prolonged absorption phase of oxfendazole following consumption of a fatty 410 

meal, absorption models with 1 and 2 transit compartments were examined. 411 

Pharmacodynamic model: Exploratory analysis was performed by plotting the observed 412 

oxfendazole concentrations versus observed the hemoglobin concentrations (Supplementary 413 

Figure S3). Based on Supplementary Figure S3, no direct relationship was observed between 414 

oxfendazole and hemoglobin concentrations. Because hemoglobin concentrations were lower 415 

following the administration of multiple higher oxfendazole doses, indirect response models with 416 

either inhibition of hemoglobin synthesis or stimulation of hemoglobin elimination are plausible. 417 

Since oxfendazole inhibits tubulin assembly(33), oxfendazole has suppressive effect on 418 

progenitor cells undergoing extensive cell division in the bone marrow, making more likely 419 

indirect response models with oxfendazole reducing hemoglobin synthesis. Two indirect 420 
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response models of the inhibition of hemoglobin synthesis were evaluated: the basic indirect 421 

response model and the lifespan indirect response model incorporating red blood cell lifespan. 422 

In the basic indirect response model, the change in hemoglobin concentration (𝐶𝐻𝑏) was modeled 423 

using the equation 424 

𝑑𝐶𝐻𝑏

𝑑𝑡
= 𝑘𝑖𝑛𝑓(𝐶𝑂𝑋𝐹(𝑡)) − 𝑘𝑜𝑢𝑡𝐶𝑂𝑋𝐹   (6) 425 

Where 𝑘𝑖𝑛 is the red blood cell synthesis rate constant and kout is the red blood cell elimination 426 

rate constant. 427 

The change in hemoglobin concentration (𝐶𝐻𝑏) in the lifespan model was modeled as follows, 428 

𝑑𝐶𝐻𝑏

𝑑𝑡
= 𝑘𝑖𝑛𝑓(𝐶𝑂𝑋𝐹(𝑡)) − 𝑘𝑖𝑛𝑓(𝐶𝑂𝑋𝐹(𝑡 − 𝑇𝑅)) (7) 429 

Where 𝑇𝑅 represents red blood cell lifespan, 𝑓(𝐶𝑂𝑋𝐹(𝑡)) is a function reflecting the inhibitory 430 

effect of oxfendazole concentration in the body at time 𝑡 (𝐶𝑂𝑋𝐹(𝑡)). Linear and nonlinear 431 

correlations between oxfendazole concentration and oxfendazole inhibitory effect was evaluated. 432 

For linear correlation, 433 

𝑓(𝐶𝑂𝑋𝐹(𝑡)) = 1 − θ ⋅ 𝐶𝑂𝑋𝐹(𝑡)   (8) 434 

𝑓(𝐶𝑂𝑋𝐹(𝑡 − 𝑇𝑅)) =  1 − θ ⋅ 𝐶𝑂𝑋𝐹(𝑡 − 𝑇𝑅)  (9) 435 

For nonlinear correlation, 436 

𝑓(𝐶𝑂𝑋𝐹(𝑡)) = 1 −
𝐼𝑚𝑎𝑥𝐶𝑂𝑋𝐹(𝑡)

𝐼𝐶50+𝐶𝑂𝑋𝐹(𝑡)
   (10) 437 

𝑓(𝐶𝑂𝑋𝐹(𝑡 − 𝑇𝑅)) = 1 −
𝐼𝑚𝑎𝑥𝐶𝑂𝑋𝐹(𝑡−𝑇𝑅)

𝐼𝐶50+𝐶𝑂𝑋𝐹(𝑡−𝑇𝑅)
  (11) 438 
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Where 𝐼𝑚𝑎𝑥 is the maximal inhibitory effect, 𝐼𝐶50 is oxfendazole concentration at 50% 439 

inhibition, 𝐶𝑂𝑋𝐹(𝑡) is oxfendazole concentration in the body at time 𝑡, and 𝐶𝑂𝑋𝐹(𝑡 − 𝑇𝑅) is 440 

oxfendazole concentration in the body at time 𝑡 − 𝑇𝑅. 441 

4.2.3 Stochastic model 442 

Inter-individual variability and inter-occasion variability were evaluated using the exponential 443 

model. 444 

𝑃𝑖 = 𝑇𝑉𝑃 ⋅ 𝑒𝑥𝑝(η𝑖,0 + OCC1 ⋅ η𝑖,1 + 𝑂𝐶𝐶2 ⋅ η𝑖,2) (5) 445 

Where 𝑇𝑉𝑃 represents the population mean of a pharmacokinetics or pharmacodynamic 446 

parameter, 𝑃𝑖 represents the individual estimate of the corresponding parameter, 𝜂𝑖,0 represents 447 

inter-individual variability, 𝜂𝑖,1 and 𝜂𝑖,2 are inter-occasion variabilities following the first and last 448 

doses. 𝑂𝐶𝐶1 = 1 for the first dose, otherwise 𝑂𝐶𝐶1 = 0.  𝑂𝐶𝐶2 = 1 for the last dose, otherwise 449 

𝑂𝐶𝐶2 = 0. Inter-individual variability and inter-occasion variability are assumed to have a 450 

normal distribution with mean 0 and variance ω𝐼𝐼𝑉
2  and ω𝐼𝑂𝑉

2 , respectively. 451 

For residual variability, an additive error model, a proportional error model, and a combined 452 

additive and proportional error model were examined. The following is an example of the 453 

combined additive and proportional error model. 454 

𝐶𝑖𝑗 = 𝐶𝑖𝑗
̅̅̅̅ ⋅ (1 + ϵ1𝑖𝑗) + ϵ2𝑖𝑗 (6) 455 

𝐶𝑖𝑗 is the observed concentrations for individual 𝑖 at time 𝑗, 𝐶𝑖𝑗
̅̅̅̅  is the corresponding model 456 

predicted concentration, and ϵ1𝑖𝑗 and ϵ2𝑖𝑗 are proportional and additive errors, respectively. 457 

Additive and proportional residual variabilities were assumed to be normally distributed around 458 

0 with variance of σ1
2 and σ2

2, respectively. 459 
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4.2.4 Covariate model 460 

Initially, clinically meaningful covariates including sex, age, weight, BMI, and creatinine 461 

clearance were plotted against inter-individual variability of each pharmacokinetic and 462 

pharmacodynamic parameter. Potential covariates identified through graphical analysis were 463 

examined using stepwise forward addition and backward elimination. For stepwise forward 464 

addition, a decrease in objective function value (OFV) of more than 6.63 (p-value < 0.01) was 465 

considered significant improvement in model performance. For stepwise backward elimination, 466 

an increase in OFV of more than 10.83 (p-value < 0.001) was considered significant 467 

deterioration in model performance. The effect of continuous variables (i.e., age, weight, BMI, 468 

and creatinine clearance) were evaluated using the following general equation, 469 

𝑇𝑉𝑃𝑖 = 𝑇𝑉𝑃 (
𝑐𝑜𝑣𝑖

𝑐𝑜𝑣𝑚
)

𝜃𝑐𝑜𝑣

 (7) 470 

Where 𝑇𝑉𝑃𝑖 is the individual PK/PD parameter, 𝑇𝑉𝑃 is the population mean of the 471 

corresponding PK/PD parameter, 𝑐𝑜𝑣𝑖 is the individual covariate, 𝑐𝑜𝑣𝑚 is the population mean 472 

of the covariate, and 𝜃𝑐𝑜𝑣 is the covariate effect. 473 

The effect of sex, a categorical variable, was assessed using the equation, 474 

𝑇𝑉𝑃𝑖 = 𝑇𝑉𝑃𝑚𝑎𝑙𝑒 ⋅ (𝜃𝑠𝑒𝑥)𝑆𝑒𝑥 (8) 475 

Where 𝑇𝑉𝑃𝑚𝑎𝑙𝑒 is the value of the PK/PD parameter in males. 𝑆𝑒𝑥 = 1 for females and 0 for 476 

males. Thus, 𝜃𝑠𝑒𝑥 is the ratio of a PK/PD parameter in females over that in males. 477 

4.2.5 Model evaluation 478 

Models were selected based on feasibility and precision of parameter estimates and goodness-of-479 

fit plots including the plots of i) observed concentration versus population predicted 480 
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concentration, ii) observed concentration versus individual predicted concentration, iii) 481 

conditional weighted residual (CWRES) versus population predicted concentration, and iv) 482 

CWRES versus time. For a good model, all data points would scatter evenly around the identity 483 

line in the former two plots, and around the zero line in the latter two plots. Nested models were 484 

compared based on the difference in OFV (∆OFV). ∆OFV was assumed to have a 𝜒2 distribution 485 

with the degree of freedom being the difference in the number of parameters between the two 486 

nested models. On this basis, the addition of one parameter to the model was considered 487 

significantly improved model performance if OFV decreased more than 6.63, corresponding to 488 

p-value < 0.01. For non-nested models, AIC was used. The model with a smaller AIC was 489 

considered better. 490 

Model predictive performance was evaluated using prediction-corrected visual predictive check 491 

of 1000 simulations. Model predictive performance was acceptable if the observed 5
th

, 50
th

 and 492 

95
th

 percentiles fall within the 95% confidence interval of the corresponding simulated 493 

percentiles. 494 

4.3 Simulation 495 

4.3.1 Simulation of exposure-response on safety 496 

The simulation of exposure-response on safety focused on the effect of administration of 497 

multiple ascending doses of oxfendazole at 3, 7.5, 15, 30 and 60 mg/kg once daily for 5 days on 498 

hemoglobin concentrations in healthy adults. A thousand subjects were simulated for each dose 499 

level, assuming 1:1 ratio of female to male subjects. Oxfendazole was administered using 500 

weight-normalized dose, but oxfendazole bioavailability depends on the absolute dose present in 501 

the gastrointestinal tract; therefore, subject weight needs to be included in the simulation to 502 

convert from weight-normalized dose to absolute dose. Subject weight distribution was based on 503 
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the observed weight of participants in the oxfendazole multiple ascending dose trial. Female 504 

weight was simulated based on a normal distribution of mean 77.4 kg and standard deviation of 505 

14.2 kg. For males, the mean weight was 84.6 kg and standard deviation was 13.0 kg. The 506 

simulated hemoglobin concentrations obtained were viewed in light of standard normal sex 507 

specific hemoglobin ranges. 508 

4.3.2 Simulation of exposure-response on efficacy 509 

Target attainment analysis for whipworm infection – 1
st
 approach 510 

Factors determining the effect of oxfendazole on Trichuris trichiura (human whipworm) is 511 

largely unknown. To carry out target attainment analysis, several assumptions were made based 512 

on literature information as provided below. 513 

In a drug disposition study by Hansen et al.(22), a single oral dose of oxfendazole at 5 mg/kg 514 

was administered to pigs infected with T. suis. Blood samples and large intestinal samples were 515 

collected from the pigs over 48 h for quantification of oxfendazole in pig plasma, whole cecal 516 

tissue, cecal mucosa, cecal content, and in whipworm. This study found that the concentration of 517 

oxfendazole in pig plasma (𝐶𝑂𝑋𝐹,𝑝𝑙𝑎𝑠𝑚𝑎 (nmol/mL)) was closely associated with the 518 

concentration of oxfendazole in whipworm (𝐶𝑂𝑋𝐹,𝑤𝑜𝑟𝑚 (nmol/g)). Since the porcine parasite T. 519 

suis and the human infecting T. trichiura have very similar growth habits, the anterior of the 520 

worm penetrating into the intestinal mucosa, with the posterior of the parasite freely moving in 521 

the intestinal lumen(22, 34), the findings of the Hansen study(22) are thought to be relevant also 522 

for the human T. trichiura infection. Further, the relative exposure to oxfendazole and its 523 

metabolites (oxfendazole sulfone and fenbendazole) in pigs and in humans is similar(21, 22),  524 

suggesting that pig is a good model for oxfendazole disposition in human. Thus, the correlation 525 
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between oxfendazole concentration in host plasma and in intestinal dwelling whipworm was 526 

assumed to be similar for humans and pigs. 527 

We digitized the data reported by Hansen et al.(22) using Engauge Digitizer(35), and converted 528 

oxfendazole concentration in whipworm in nmol/g to concentration in nmol/mL based on body 529 

density of nematodes derived using the formulas for nematode body weight and body volume 530 

proposed by Andrassy(36). 531 

𝑤𝑒𝑖𝑔ℎ𝑡(μ𝑔) =
𝑙𝑒𝑛𝑔𝑡ℎ(μ𝑚)×(𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟(μ𝑚))

2

1.6×10−6  (9) 532 

𝑣𝑜𝑙𝑢𝑚𝑒(μ𝑚3) =
𝑙𝑒𝑛𝑔𝑡ℎ(μ𝑚)×(𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟(μ𝑚))

2

1.7
 (10) 533 

According to the above equations, all nematodes have the same body density. 534 

𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =
𝑤𝑒𝑖𝑔ℎ𝑡

𝑣𝑜𝑙𝑢𝑚𝑒
= 1.0625 × 10−6 μ𝑔

μ𝑚3  (11) 535 

Based on the digitized data, the ratio between oxfendazole concentration in worm and 536 

oxfendazole concentration in pig plasma was quite consistent over time with the average value of 537 

𝐶𝑂𝑋𝐹,𝑤𝑜𝑟𝑚(𝑛𝑚𝑜𝑙/𝑚𝐿) 𝐶𝑂𝑋𝐹,𝑝𝑙𝑎𝑠𝑚𝑎(𝑛𝑚𝑜𝑙/𝑚𝐿) = 3.29⁄ .  538 

The principle pharmacological activity of benzimidazoles, including oxfendazole, stems from the 539 

their binding to tubulin resulting in inhibition of tubulin assembly(33). Oxfendazole IC50 (drug 540 

concentration causing 50% inhibition) to T. trichiura tubulin is unknown. However, an in vitro 541 

experiment evaluating oxfendazole inhibitory effect on tubulin extracted from Ascaris galli 542 

(roundworm in bird) reported an IC50 of 5 µM (~1580 ng/mL)(37). Because A. galli and T. 543 

trichiura are both intestinal nematodes, it was speculated that oxfendazole IC50 to T. trichiura 544 

tubulin and A. galli tubulin would be similar. 545 
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To summarize, in vitro and preclinical efficacy data were applied to target attainment analysis 546 

for the treatment of whipworm infection in human based on the following assumptions: 547 

- Assumption 1: 𝐶𝑂𝑋𝐹,𝑤𝑜𝑟𝑚(𝑛𝑚𝑜𝑙/𝑚𝐿) 𝐶𝑂𝑋𝐹,𝑝𝑙𝑎𝑠𝑚𝑎(𝑛𝑚𝑜𝑙/𝑚𝐿) = 3.29⁄ . 548 

- Assumption 2: oxfendazole IC50 to whipworm tubulin and A. galli tubulin is the same and 549 

is equivalent to 1580 ng/mL. 550 

- Assumption 3: the worm body is a well-stirred model. 551 

Based on the above assumptions, oxfendazole IC50 = 1580 ng/mL at the site of tubulin assembly 552 

corresponds to oxfendazole concentration of 480 ng/mL in human plasma. 553 

Oxfendazole concentration time profiles were simulated following the administration of multiple 554 

ascending oxfendazole doses of 0.5 – 60 mg/kg once daily for 5 days with 1000 subjects at each 555 

dose. Subject sex and weight distribution was the same as in the safety simulation. Because it is 556 

unknown whether the antiparasitic efficacy of oxfendazole depends on the achievement of an 557 

effective concentration or the maintenance over some time period of the effective concentration, 558 

two scenarios were investigated. In the first scenario, oxfendazole antiparasitic efficacy was 559 

assumed to be dependent on attainment of a targeted Cmax,ss. The range of targeted Cmax,ss 560 

evaluated was 1 – 40 times IC50 (480 ng/mL). In the second scenario. oxfendazole antiparasitic 561 

efficacy was assumed to be dependent on maintenance of the oxfendazole concentration above 562 

the IC50 for a certain amount of time, as reflected by the percent time dosing interval (24 h) at 563 

steady state during which oxfendazole concentration is above IC50 (T>IC50). Ranges of T>IC50 564 

explored included <40%, 40-<60%, 60-<80%, 80-<100%, and 100%. The probability of target 565 

attainment is the percentage of simulated subjects being able to attain the targeted Cmax,ss or 566 

T>IC50. 567 
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Target attainment analysis for whipworm infection – 2
nd

 approach 568 

A recent study by Keiser and Haberli evaluated the survival of Trichuris muris (whipworm 569 

collected from rodents) in culture in the presence of various antiparasitic drugs(26). Whipworm 570 

survival was assessed based on whipworm motility. This study reported an IC50 of 55.2 µM 571 

(~17405 ng/mL) for oxfendazole(26). To utilize this information for target attainment analysis, 572 

the following assumptions were made. 573 

- Assumption 1: 𝐶𝑂𝑋𝐹,𝑤𝑜𝑟𝑚 𝐶𝑂𝑋𝐹,𝑝𝑙𝑎𝑠𝑚𝑎⁄ = 3.29 574 

- Assumption 2: Oxfendazole IC50 is the same for T. muris and T. trichiura. 575 

Based on the above assumptions, oxfendazole IC50 of 17405 ng/mL to T. trichiura was translated 576 

to 5290 ng/mL in human plasma. Two target attainment analysis were carried out, one evaluating 577 

Cmax,ss and the other evaluating T>IC50 as described in the 1
st
 approach. 578 

Target attainment analysis for filariasis 579 

To evaluate the macrofilaricidal efficacy of oxfendazole, Hubner et al. utilized Litomosoides 580 

sigmodontis infected mice, a surrogate model for filariasis in human(13). Oxfendazole was 581 

administered to infected mice orally or subcutaneously once daily or twice daily for 1, 5, or 10 582 

days at doses ranging from 1 to 125 mg/kg per day. Macrofilaricidal efficacy was assessed by 583 

adult worm count. The study showed that sterile cure was achieved with an oral dose of 12.5 584 

mg/kg twice daily for 5 days, or subcutaneous dose of 25 mg/kg once daily for 5 days(13). 585 

Concurrently, oxfendazole pharmacokinetics following the administration of a single 586 

subcutaneous dose of 1 and 25 mg/kg or a single oral dose of 5 or 25 mg/kg was evaluated in a 587 

parallel untreated group of mice(13). Based on their efficacy and pharmacokinetic results, 588 

Hubner et al. suggested that oxfendazole macrofilaricidal efficacy is driven by the maintenance 589 
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of its MEC in plasma above 100 ng/mL(13). Thus, for target attainment analysis, the percentage 590 

of the simulated population with oxfendazole concentration at steady state being ≥ MEC was 591 

computed. To account for the uncertainty extrapolating data from mice to humans, a range of 592 

MEC from 100 to 4000 ng/mL was investigated in the present study. 593 

  594 
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LIST OF FIGURES 715 

Figure 1. A) Structural PK/PD model for oxfendazole and its effect on hemoglobin 716 

concentration following multiple ascending doses and following single dose in the fasted state. 717 

B) Structural PK model for oxfendazole following single oral dose in the fed state. 718 

Figure 2. Time course of population predicted oxfendazole concentration and observed 719 

oxfendazole concentration following multiple ascending doses at 3, 7.5 and 15 mg/kg once daily 720 

for 5 days (upper panel) and following a single 3 mg/kg dose in fasted state and fed state (lower 721 

panel). Observed concentrations are presented as mean  standard deviation for each group (N = 722 

8 for multiple ascending doses evaluation, N = 12 for food effect evaluation). 723 

Figure 3. Time course of the change in population predicted hemoglobin concentration and 724 

change in observed hemoglobin concentration from baseline following multiple ascending doses 725 

at 3, 7.5 and 15 mg/kg once daily for 5 days. Observed concentrations are presented as mean  726 

standard deviation for each dose group (N = 8). 727 

Figure 4. Prediction-corrected visual predictive check for A) oxfendazole concentration in 728 

plasma following multiple ascending doses (3 – 15 mg/kg once daily for 5 days), B) hemoglobin 729 

concentration in plasma following multiple ascending doses, C) oxfendazole concentration in 730 

plasma following a single 3 mg/kg dose in fasted state, and D) oxfendazole concentration in 731 

plasma following a single 3 mg/kg dose in fed state. 732 

Figure 5. Simulated hemoglobin concentration in male and female subjects administered 3, 7.5, 733 

15, 30, and 60 mg/kg oxfendazole once daily for 5 days. 734 

Figure 6. Probability of target attainment for whipworm infection following multiple ascending 735 

doses of oxfendazole (0.5 – 60 mg/kg once daily for 5 days) – 1
st
 approach. Probability of target 736 
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attainment is the percentage of simulated subjects (1000 subjects at each dose level) having 737 

plasma oxfendazole Cmax,ss = 1 – 40 IC50. IC50 = 480 ng/mL. 738 

Figure 7. Probability of target attainment for whipworm infection following multiple ascending 739 

doses of oxfendazole (0.5 – 60 mg/kg once daily for 5 days) – 2
nd

 approach. Probability of target 740 

attainment is the percentage of simulated subjects (1000 subjects at each dose level) having 741 

plasma oxfendazole Cmax,ss = 1 – 5 IC50. IC50 = 5290 ng/mL. 742 

Figure 8. A) Mean simulated concentration-time profile of oxfendazole in human plasma 743 

following multiple ascending doses of oxfendazole 0.5-60 mg/kg once daily for 5 days compared 744 

to different minimal efficacious concentrations (MEC) of 100 – 4000 ng/mL B) Probability of 745 

target attainment for filariasis following multiple ascending doses of oxfendazole (0.5 – 60 746 

mg/kg once daily for 5 days). Probability of target attainment is the percentage of simulated 747 

subjects (1000 subjects at each dose level) having plasma oxfendazole concentration at steady 748 

state above MEC for 100% of the dosing interval (i.e., 24 h). 749 
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Table 1. Final estimates of oxfendazole population pharmacokinetic-pharmacodynamic model 752 

parameters. 753 

Parameter Definition Estimate %RSE
b 

%Shrinkage 

1 A parameter in calculation of bioavailability 

(F)a 
-0.646 11.2  

2 (mg) A parameter in calculation of bioavailability 

(F)a 
209.25 FIX   

Ffed/Ffast Ratio of bioavailability in fed state to 

bioavailability in fasted state 

2.08 12.4  

kTR (h-1) First-order transit rate constant in fed state 0.412 14.7  

ka (h
-1) First-order absorption rate constant in fasted 

state 

1.2 7.1  

VOXF (L) Oxfendazole apparent volume of distribution 34.5 8.0  

CLOXF (L/h) Oxfendazole apparent clearance 2.57 8.6  

 (mL/ng) Linear coefficient for the inhibitory effect of 

oxfendazole on hemoglobin synthesis 

0.000458 9.5  

kin (g/dL/h) Zero-order rate constant of hemoglobin 

synthesis in male 

0.00509 1.6  

TR (h) Red blood cell lifespan 2880 FIX   

sex The ratio of kin in female to kin in male 0.913 2.7  

kTR IIV (CV%) Inter-individual variability in kTR 47.4 52.0 44 

ka IIV (CV %) Inter-individual variability in ka 28.6 90.6 31 

VOXF IIV 

(CV%) 

Inter-individual variability in VOXF 20.1 59.9 17 

CLOXF IIV 

(CV%) 

Inter-individual variability in CLOXF 37.3 33.2 7 

ρV IIV,CL IIV Correlation of VOXF IIV and CLOXF IIV 0.771 10.9  

VOXF IOV 

(CV%) 

Inter-occasion variability in VOXF 24.1 34.6 21 

CLOXF IOV 

(CV%) 

Inter-occasion variability in CLOXF 32.1 52.6 26 

ρV IOV,CL IOV Correlation of VOXF IOV and CLOXF IOV 0.887 15.2  

kin IIV (CV%) Inter-individual variability in kin 60.8 35.8 20 

σOXF,prop
2   Variance of oxfendazole proportional residual 

error 

0.0616 10.4 13 

σOXF,add
2   Variance of oxfendazole additive residual 

error 

0.261 69.0 13 

σHb,prop
2   Variance of hemoglobin proportional residual 

error 

0.000600 14.4 10 

alog(F) = θ1log(Dose θ2⁄ ) + (fast-1)log(Ffed Ffast⁄ ), fast = 0 in fasted state, fast = 1 in fed 754 

state. 755 

b
Relative standard error %RSE = standard error × 100% parameter estimate⁄  756 
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Table 2. Probability of target attainment (%) for whipworm infection following multiple 758 

ascending doses of oxfendazole (0.5 – 60 mg/kg once daily for 5 days) – 1
st
 approach. 759 

Probability of target attainment is the percentage of simulated subjects (1000 subjects at each 760 

dose level) having plasma oxfendazole concentration above IC50 for a certain amount of time. 761 

T>IC50 is the percent time of a dosing interval at steady state during which oxfendazole 762 

concentration is above IC50 (IC50 = 480 ng/mL). 763 

Dose T>IC50 (%) 

(mg/kg) 100 80 – <100 60 – <80 40 – <60 40 

0.5 27.6 13.0 17.5 26.0 15.9 

1 38.0 16.1 17.5 22.0 6.4 

1.5 47.0 16.6 15.7 16.7 4.0 

3 59.9 14.1 13.0 11.8 1.2 

4 64.3 13.7 10.7 10.3 1.0 

5 70.9 11.1 9.8 7.3 0.9 

7.5 74.9 11.6 7.9 5.2 0.4 

10 79.5 10.0 6.2 3.9 0.4 

15 82.9 7.6 5.5 3.6 0.4 

20 87.9 5.3 4.0 2.6 0.2 

30 90.5 5.0 2.8 1.7 0.0 

40 90.6 5.3 3.0 0.9 0.2 

50 93.5 3.5 2.0 1.0 0.0 

60 92.5 3.9 2.7 0.8 0.1 

 764 
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Table 3. Probability of target attainment (%) for whipworm infection following multiple 767 

ascending doses of oxfendazole (0.5 – 60 mg/kg once daily for 5 days) – 2
nd

 approach. 768 

Probability of target attainment is the percentage of simulated subjects (1000 subjects at each 769 

dose level) having plasma oxfendazole concentration above IC50 for a certain amount of time. 770 

T>IC50 is the percent time of a dosing interval at steady state during which oxfendazole 771 

concentration is above IC50 (IC50 = 5290 ng/mL). 772 

Dose T>IC50 (%) 

(mg/kg) 100 80 – <100 60 – <80 40 – <60 40 

0.5 0.0 0.0 0.0 0.0 100 

1 0.0 0.0 0.0 0.1 99.9 

1.5 0.0 0.1 0.1 0.3 99.5 

3 0.0 0.0 0.0 0.6 99.4 

4 0.0 0.0 0.6 1.2 98.2 

5 0.0 0.1 0.2 1.4 98.3 

7.5 0.1 0.2 0.8 4.1 94.8 

10 0.3 0.9 0.7 4.4 93.7 

15 0.5 0.3 2.5 7.0 89.7 

20 1.0 1.5 2.3 9.9 85.3 

30 1.4 1.7 4.5 15.1 77.3 

40 1.8 3.5 5.6 18.1 71.0 

50 3.7 4.3 6.7 22.1 63.2 

60 4.1 5.0 5.9 22.6 62.4 

 773 

 774 
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