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Abstract

Background—Nevirapine (NVP) is a key component of antiretroviral prophylaxis and treatment 

for neonates. We evaluated current WHO weight-band NVP prophylactic dosing recommendations 

and investigated optimal therapeutic NVP dosing for neonates.

Methods—The PHPT-5 study in Thailand assessed the efficacy of ‘Perinatal Antiretroviral 
Intensification’ to prevent mother-to-child transmission of HIV in women with <8 weeks of 

antiretroviral treatment before delivery (NCT01511237). Infants received a 2-week course of 

zidovudine/lamivudine/NVP [NVP syrup/once daily: 2 mg/kg for 7 days; then 4 mg/kg for 7 

days]. Infant samples were assessed during the first 2-weeks of life. NVP population PK 

parameters were estimated using non-linear mixed-effects models. Simulations were performed to 
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estimate the probability of achieving target NVP trough concentrations for prophylaxis (>0.10 

mg/L) and for therapeutic efficacy (>3.0 mg/L) using different infant dosing strategies.

Results—Sixty infants (55% male) were included. At birth, median (range) weight was 2.9 (2.3–

3.6) kg. NVP concentrations were best described by a one compartment PK model. Infant weight 

and post-natal age influenced NVP PK parameters. Based on simulations for a 3-kg infant, ≥92% 

would have a NVP trough >0.1 mg/L after 48 hours through 2 weeks using the PHPT-5 and WHO-

dosing regimens. For NVP-based therapy, a 6 mg/kg twice daily dose produced a trough >3.0 

mg/L in 87% of infants at 48 hours and 80% at 2 weeks.

Conclusion—WHO weight-band prophylactic guidelines achieved target concentrations. 

Starting NVP 6 mg/kg twice daily from birth is expected to achieve therapeutic concentrations 

during the first 2 weeks of life.

Introduction

The rapid global scale up of antiretroviral therapy (ART) for all HIV-infected pregnant and 

breastfeeding women has helped to make major inroads towards ending the global pediatric 

HIV epidemic. Recent UNAIDS statistics have shown that new HIV infections among 

children have decreased by 50% since 2010, and globally 77% of HIV-infected pregnant 

women were accessing ART in 20151. These numbers are encouraging to meet the bold 

UNAIDS global target of less than 50,000 new HIV infections among children per year by 

20202.

In the context of universal maternal ART, a remaining challenge is the identification and 

treatment of HIV-infected pregnant women who have no or late access to antenatal care 

(ANC) as these women are at the highest risk of transmitting HIV to their baby. Indeed, data 

from the PHPT-5 trial in Thailand indicated that less than 8 weeks of maternal ART and a 

baseline RNA viral load of ≥4 log10 copies/mL were independently associated with perinatal 

HIV transmission3. Potent antiretroviral prophylactic interventions are needed for infants 

who are at high risk of HIV acquisition during delivery and the postnatal period.

Nevirapine (NVP) is a key component of antiretroviral prophylaxis for infants. A 

combination of zidovudine (ZDV) plus a ‘3-dose’ infant NVP regimen (at birth, 48 and 144 

hours of life) was significantly better than ZDV alone at preventing HIV transmission in 

women who received no ART during pregnancy4. Daily infant NVP starting at birth is also 

safe and effective at preventing mother-to-child transmission of HIV through breastfeeding5. 

The pharmacological goal of these prophylaxis regimens are to maintain NVP plasma 

concentrations in infants above the somewhat arbitrary value of 0.1 mg/L (10-fold the in 
vitro IC50) during the period of HIV exposure. Designed with the intent of a public health 

approach, the World Health Organization (WHO) recommends a simplified daily NVP infant 

prophylaxis weight-band dosing approached for infants born to mothers with HIV who are at 

high risk of acquiring HIV (WHO6), whether they are breastfed or formula fed, which does 

not include the standard ‘lead-in’ dose. These guidelines are based on relatively limited 

clinical data6.
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Over the last few years there has also been an increasing demand for immediate/early ART 

for newborns identified as HIV-infected at birth (i.e. in utero infection). This strategy has 

been proposed to limit the development of cellular reservoirs containing replication-

competent viruses in newborns, which in turn may facilitate drug-free remission in the 

future7. However, initiating ART within the first few days of life is challenging due to the 

limited number of child-friendly formulations available. Also, providing drugs to newborn 

babies poses unique pharmacokinetic challenges, such as the rapid maturation of the 

metabolism/excretion pathways after birth. Nevirapine has been one of the drugs favored 

within therapeutic antiretroviral treatment regimens starting at birth7, although insufficient 

PK data exist to recommend a neonatal dose8. Target therapeutic NVP concentrations are 

higher than those proposed for HIV prophylaxis with plasma NVP concentrations >3.0 mg/L 

associated with a reduced risk of virologic failure9, 10. There is currently a lack of 

pharmacokinetic data supporting the optimal therapeutic NVP dose in newborns.

Our aim was to develop a population pharmacokinetic model to describe NVP 

concentrations in newborns and to explore optimal NVP dosing for HIV prophylaxis (once 

daily) and treatment (twice daily) for neonates.

Materials and Methods

Study Design

The amended PHPT-5 trial was a multicenter, phase III, adaptive single-arm study in 

Thailand that assessed the efficacy of ‘Perinatal Antiretroviral Intensification’ to prevent 

mother-to-child transmission of HIV in pregnant women who received <8 weeks of ART 

before delivery (ClinicalTrials.gov NCT01511237). All women/infants enrolled received the 

standard of care for PMTCT in Thailand at the time the study was designed; mothers 

received zidovudine (ZDV)/lamivudine (3TC) plus lopinavir/ritonavir (LPV/r), twice a day, 

starting as soon as possible after 14 weeks of pregnancy, while newborns received ZDV 

monotherapy (4 mg/kg, every 12 hours) for 4 weeks. If any of the pregnant women received 

<8 weeks of ART before delivery ‘Perinatal ARV intensification’ was provided to both the 

mother and baby. Maternal ARV intensification involved a single maternal NVP dose (200 

mg) during labor and continuation of ART for at least 4 weeks postpartum; while infant 

intensification involved a 2-week course of ZDV/3TC/NVP, followed by ZDV/3TC for 2 

weeks. Nevirapine dosing was 2 mg/kg once daily (OD) for 7 days, then 4 mg/kg OD for 7 

days. The initial doses of NVP were administered by the study team in the hospital. Mothers 

were instructed how to administer the infant’s prophylaxis treatment before hospital 

discharge and adherence to the prescribed prophylaxis was assessed at the week 2 visit. All 

infants were formula-fed and tested for HIV at birth, 1, 2, 4, 6 months. This study was 

approved by the Ethics Committees at Harvard T. H Chan School of Public Health, Boston, 

USA, the Ministry of Public Health, Thailand, the Faculty of Associated Medical Sciences, 

Chiang Mai University and local hospital ECs.

The safety and efficacy results of the main trial have been presented and they indicate that 

the posterior probability of intrapartum HIV transmission, with no transmissions observed, 

was 0.39% (95%CrI 0.12–1.4) with intensification compared to 2.0% (0.3–5.2) without11. 
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This current analysis focuses on the assessment of NVP plasma concentrations in infants 

who received ARV intensification.

Maternal and Infant Blood Sampling

Stored plasma samples collected within the routine follow-up of women and infants enrolled 

were used for NVP measurement. Blood samples were centrifuged and plasma frozen at 

−20°C until analysis. Cord blood samples and random blood samples drawn from infants on 

the first day and at 14 days of life were assessed.

Quantification of Nevirapine Plasma Concentrations

Nevirapine plasma concentrations were determined using a validated reversed-phase high-

performance liquid chromatography method with ultraviolet detection12. The method was 

internally validated over the concentration range of 0.05–15 mg/L. The average accuracy 

was 98% to 101% and precision (interassay and intra-assay) was <3% (coefficient of 

variation). The laboratory participates in two international external quality control (QC) 

programs for quantification of antiretroviral drugs: (i) the HIV/AIDS Clinical Pharmacology 

Quality Assurance program from the University at Buffalo, NY, which performs 

standardized interlaboratory testing twice a year13, and (ii) ASQUALAB Quality Control 

program, France (http://www.asqualab.com/).

Population Pharmacokinetic Analysis

Non-linear mixed effects regression models was used to estimate the population means and 

variances of NVP pharmacokinetic parameters. The software program NONMEM (Version 

VII, ICON Development Solutions, MD, USA), with a Fortran Compiler was used to fit 

concentration-time data using the first-order conditional estimation method (FOCE) with 

interaction. The software Wings for NONMEM was utilized to run the individual models (V.

741: http://wfn.sourceforge.net/wfndown.htm) and diagnostic graphs were generated using 

RfN using the R program.

Pharmacokinetic structural and residual models were assessed using both statistical and 

graphical methods. Nested models were compared using the minimal value of the objective 

function (OFV) provided by NONMEM (equivalent to minus twice the maximum logarithm 

of the likelihood (-2LL) of the data). Exponential error models used to describe inter-

individual variability (IIV) in pharmacokinetic parameters. Inter-occasion variability (IOV) 

in the pharmacokinetic parameters was also assessed.

For the PK model, it was assumed that NVP cord blood concentrations represented systemic 

infant concentrations at birth. Using the raw NVP cord blood concentration as “Time Zero” 

the residual NVP concentration in the infant received through the placenta (i.e. via maternal 

transfer after sd-NVP) was estimated using a mono-exponential decay of cord blood samples 

concentrations: e.g. Actual Cord Blood Conc. × e(−K*TABS); [TABS refers to absolute time 

since cord blood sample; K = NVP elimination rate constant]. This residual concentration of 

NVP was added to the estimate of the infant NVP concentration following infant NVP 

dosing.
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Covariate Analysis—Infant demographic data included: body weight, sex, body surface 

area, post-natal age (PNA), post-menstrual age (PMA) and laboratory measures of liver 

(alanine aminotransferase, ALT) and kidney function (plasma creatinine). The investigator 

chose the best estimate of gestational age based on either last menstrual period (LMP), 

fundal height or sonogram. Additive, exponential and power models were assessed for 

continuous covariates. Linear, exponential and sigmoidal models were tested to describe the 

maturation of NVP clearance as a function of age14, 15. Both PMA and PNA were assessed 

to describe the time course of maturation of drug clearance14. Covariates were tested using a 

standard stepwise forward inclusion (and backward elimination model building procedure16.

Autoinduction of NVP metabolism by 1.5 to 2-fold occurs following during the first 2 to 4 

weeks of treatment17. An exponential model was chosen to describe the autoinduction 

process whereby the fraction of induction at NVP treatment initiation was fixed to 0.66 (e.g. 

1.5-fold below the maximum) and the TM50 (time to reach 50% of induction) was fixed to 

134 hours (i.e. max. induction after 4 weeks of NVP): Induction = 1 − (1 − 0.66) × 

exp(−Time*0.693/134).

Model Validation—The final model was evaluated using a visual predictive check (VPC) 

and bootstrap re-sampling technique. The 5th, 50th, and 95th percentiles of the simulated 

concentrations were plotted and a VPC was performed by overlying the observed NVP 

concentrations. The bootstrap re-sampling technique was performed using Wings for 

NONMEM (400 replicate bootstrap datasets generated using the original dataset with 

replacement).

Simulations of Prophylactic and Therapeutic doses of Nevirapine

Using the final model, the probability to achieve NVP trough concentrations above the 

prophylactic and therapeutic target concentrations following different doses were assessed 

using 1,000 Monte Carlo simulations. A NVP trough target of >0.1 mg/L was used for 

prophylaxis doses and a trough target of >3.0 mg/L for therapeutic doses. The probability of 

achieving a target was calculated by dividing the number of simulated concentrations above 

target by the total number of simulated data.

Results

Sixty infants (55% male) had at least one sample with NVP concentration data available 

during the first 2 weeks of life. Median (range) gestational age at birth was 38.6 (35.7–41.7) 

weeks and infant weight was 2.9 (2.3–3.6) kg. Maternal sd-NVP was not administered to 8 

of the mothers during labour due to various reasons (e.g. arrived at the hospital in active 

labour). Median (range) NVP cord blood concentration was 0.88 (<0.05–2.02) mg/L, at a 

median of 4.1 (0.2–32) hours after maternal sd-NVP intake. Eighty-one infant plasma 

samples were available with a median NVP concentration of 1.75 (0.25–6.2) mg/L within 48 

hours of life and 2.18 (0.71–4.5) mg/L at 2 weeks of life. No major protocol deviations with 

regards to adherence to the prescribed infant prophylaxis during the first 2 weeks of life 

were reported.
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Nevirapine Population Pharmacokinetic Model—A 1-compartment model with first 

order absorption and elimination best described the NVP concentration data. It was not 

possible to accurately estimate the absorption rate constant (Ka) due to a limited number of 

samples during the absorption phase so Ka it was fixed to 0.39 hr−1 (based on previous 

data18). No major covariance between the parameters were observed and a proportional 

residual error model was selected.

The inclusion of body weight as a covariate on CL/F and/or Vd/F significantly reduced the 

OFV for all models tested. The largest decreases in OFV were observed with the power 

models, either on CL/F (↓165.62) or Vd/F (↓53.37). Allometrically scaled models 

significantly reduced the OFV; however, when estimating the exponents the inter-subject 

variability increased for both CL/F and Vd/F. Body weight allometrically scaled on both 

CL/F and Vd/F with the exponents fixed to 0.75 and 1.0, respectively, and centered on a 3 kg 

infant, was selected for inclusion in the model.

Significant reductions in OFV were found for the linear, exponential and sigmoid maturation 

models using post-natal age. Nevertheless, the estimation of the age component in the linear 

model was not well estimated (RSE% >70%); while for the exponential and sigmoid models 

extrapolating the CL/F and Vd/F to estimate adults values yielded higher values than those 

reported. Maturation models including post-menstrual age did not significantly reduce the 

OFV. The inclusion of post-natal age using a power model led to a significant reduction in 

OFV and this was retained in the model. The influence of sex, ALT and creatinine were 

tested but found not to improve the model fit.

The final population pharmacokinetic parameter estimates for NVP along with the results of 

the bootstrap analysis are shown in Table 1. The VPC is shown in Figure 1 and there was 

good agreement between the observed and simulated data. Approximately 9% of the 

observed data were outside the 90%CI [6% below the 5th percentile and 4% above the 95th 

percentile] demonstrating a good model fit to the data.

Simulations of Prophylactic and Therapeutic NVP doses in infants

Prophylactic infant NVP doses—Model simulations for a 3 kg infant at birth, when the 

mother did not receive sd-NVP, were performed for infants receiving 2 mg/kg NVP syrup 

once daily for 7 days and then 4 mg/kg once daily for 7 days (as in PHTP-5) and for infants 

receiving 15 mg once daily per WHO-simplified NVP prophylaxis guidelines. The 

simulations for NVP C24 over the first 2 weeks of life for both doses are shown in Figure 2. 

It was predicted that >99% of infants would have a NVP C24 >0.1 mg/L after 2 days with 

the PHPT-5 and WHO dosing schedules; but this would decrease for both regimens to 

approximately 93% at 14 days of life.

Therapeutic infant NVP doses—Simulations for a 3 kg infant at birth, when the mother 

did not receive sd-NVP, were performed for infants receiving 6 mg/kg NVP twice daily and 

infants receiving 8 mg/kg twice daily. The simulations for NVP C12 over the first 2 weeks of 

life for both doses are shown in Figure 2. It was predicted that 87% of infants would have a 

NVP C12 >3.0 mg/L at 2 days of life with the 6 mg/kg dose [median NVP conc. 8.4 (1.6–
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23.0) mg/L] compared to 91% with the 8 mg/kg dose [NVP 11.2 (2.2–31.0) mg/L]. At 14 

days of life, the NVP C12 >3.0 mg/L decreases to 80% for the 6 mg/kg dose and 88% for the 

8 mg/kg dose.

Discussion

A population pharmacokinetic model to describe NVP plasma concentrations in infants 

initiating NVP syrup once daily at birth through 2 weeks of life for HIV prophylaxis was 

developed. The final model predicted that the WHO simplified HIV prophylaxis dosing 

guidelines rapidly achieves and maintains target NVP trough concentrations during the first 

2 weeks of life. Therapeutic NVP doses of 6 or 8 mg/kg twice daily from birth were 

predicted to rapidly achieve target trough concentrations; however, the percentage of 

children with concentrations below target would start to rise during the 2nd week of life.

Several population pharmacokinetic models for NVP in children and adults have been 

reported but models including neonates with repeated dosing have not been published. In the 

present study the Ka to 0.39 hr−1 based on data from babies who received sd-NVP data18 

and this value was similar to that reported in HIV-infected children receiving therapeutic 

doses of NVP19. Higher values of Ka between 1.2 and 1.6 hr−1 have been reported in 

adults20–22 demonstrating that considerable variability exists regarding the absorption 

kinetics of NVP.

Multiple infant covariates were found to improve the model fit. The inclusion of infant body 

weight on CL/F and Vd/F was not unexpected as previous pharmacokinetic models for NVP 

have identified weight as a significant covariate on these parameters21, 23, 24, including a 

study in HIV-infected Thai adults25. Both exponential23 and sigmoid24 maturation models 

for NVP CL/F as a function of age have been reported to describe NVP concentration data in 

children but these models did not provide acceptable parameter estimates in the current 

study. It is likely that the limited age range of the current study population explained the lack 

of fit of these models. Including post-natal age as a covariate on NVP CL/F provided a 

significant improvement in OFV and the goodness of fit plots. The main limitation of using 

a power model rather than a maturation model was that it was not possible to extrapolate the 

parameter estimates outside of age of the study population; thus any model simulations were 

limited to infants from birth through 2 weeks of life.

Perhaps a controversial choice was the inclusion of an autoinduction component on CL/F in 

the final model with the parameters fixed to published data40. A weakness of this approach 

is the assumption that the autoinduction parameters observed in adults also applies to 

infants. Given the complex nature of the autoinduction process during the first few weeks of 

life, particularly the transcriptional regulation and induction pathways of metabolic enzymes 

(e.g. CYP3A4 by pregnane X receptor (PXR) and constitutive androstane receptor 

(CAR)2627), it is likely that the rate and extent of autoinduction differs in infants. However, 

given the lead-in dose period of NVP is the same for adults and children down to 15 days of 

age provides some reassurance that the effect may not be too dissimilar.
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The prophylactic target of 0.1 mg/mL (approximately 10-fold the in vitro IC50) was arbitrary 

chosen based on the safety data at that time of the first studies assessing NVP to prevent 

perinatal transmission28. NVP-based prophylaxis regimens designed to meet this target have 

been shown to be efficacious and safe to prevent perinatal HIV transmission29 and HIV 

transmission during breastfeeding5. The model predicted that the NVP prophylaxis regimen 

used in the PHPT-5 study (2 mg/kg OD for 7 days; then 4 mg/kg OD for 7 days) would 

ensure >99% of infants achieve target prophylactic trough concentration at 48 hours of life. 

Breast-feeding infants in the HIVNET-023 study received NVP prophylaxis daily from birth 

for 24 weeks (2 mg/kg OD for 14 days; then 4 mg/kg OD) and all infants had concentrations 

>0.1 mg/L30. Despite the NVP dose increase after 7 days in PHPT-5, it was predicted that 

8% of infants would have a trough below target at 14 days of life. A similar percentage of 

infants below target at 14 days of life was predicted for infants administered the WHO NVP 

prophylactic dosing regimen (15 mg once daily at birth; ≥2500g). It would be expected that 

this percentage would continue to increase until the recommended dose increase to 20 mg 

once daily at 6 weeks per WHO guidelines. Unfortunately, due to the limitations of the 

model it was not possible to predict NVP concentrations at 6 weeks of life so the percentage 

of infants with levels below target at this time remains unknown.

A population pharmacokinetic model of NVP during the first month of life using 

concentration data pooled from 5 clinical trials (4 assessing infant NVP prophylaxis, and 1 

assessing early NVP-based ART) was recently presented31. This model estimated an average 

NVP CL/F of 0.0439 L/hr/kg0.75 and Vd/F 2.54 L/kg at birth for full-term infants. In our 

study the estimate of infant CL/F during the first day of life was lower, 0.015 L/hr/kg, but 

the population estimate of Vd/F was similar. By 2 weeks of age the estimates of NVP CL/F 

using both models were approximately 0.08 L/hr/kg. The different approaches relating age 

and CL/F (i.e. power vs. exponential maturation) may explain the difference in CL/F during 

the first few days of life.

Clinical case reports are emerging regarding initiating therapeutic doses of NVP in 

newborns (6 mg/kg, twice daily) and the NVP concentrations reported over the first 2 weeks 

of life are consistent with those predicted with our population model32. Early data presented 

from the IMPAACT P1115 study showed that among infants receiving 6 mg/kg twice daily 

the median NVP trough concentration at 1 week of age was 8.7 mg/L; which is comparable 

to our model predicted trough concentration of 8.14 mg/L.

Several limitations of our model are apparent, including the limited sampling per subject and 

narrow age range. The inability to assess host genetic polymorphisms is also a weakness. 

Several population pharmacokinetic models of NVP in adults and children have included the 

assessment of host genetic polymorphisms as part of the covariate analysis, especially the 

CYP2B6 516G>T genotype, which is associated with slower clearance22, 33. Unfortunately, 

the CYP2B6 516G>T genotype information was not available in our study population so the 

genotype could not be included in the model.

Overall, we have developed of a robust population pharmacokinetic model to describe NVP 

concentrations in newborns during the first 2 weeks of life. The value of our model is 

important to support NVP dosing for HIV-exposed infants and HIV-infected infants. These 
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results provide reassurances regarding the current NVP prophylaxis recommendations. Also, 

in terms of early infant antiretroviral treatment, the data generated using a population 

approach supports assessing the safety and efficacy of therapeutic NVP doses in the range of 

6 to 8 mg/kg twice daily in infants initiating treatment within the first few days of life.
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Figure 1. 
Visual predictive check for the NVP population PK model. Lines represent the predicted 

population 5th, 50th and 95th percentiles and shaded area is the 90% CIs. Observed 

concentrations from the infants are overlaid (black circles).
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Figure 2. 
Simulated NVP C24 in newborns following (a) 2 mg/kg OD at birth, then 4 mg/kg OD at day 

7 to 14 (PHPT-5 dosing) for HIV prophylaxis.; (b) 15 mg once daily from birth until days 14 

of life (WHO guidelines); for HIV prophylaxis; (c) 6 mg/kg twice daily and (d) 8 mg/kg 

twice daily from birth until days 14 of life for HIV treatment. Note: middle line is the 50th 

percentile, lower/upper solid lines represent 5th & 95th percentiles of simulated data. Trough 

targets of 0.1 mg/L for prophylaxis and 3.0 mg/L for therapeutic treatment are shown with 

dotted lines.
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Table 1

Final nevirapine population pharmacokinetic parameter estimates

Final Model Bootstrap^

NVP PK Parameters Estimate RSE (%) Median 5th – 95th percentile

 CL/F (L/h/3 kg) 0.058 17.3 0.062 0.02–0.14

  θPNA 0.53 11.5 0.53 0.2–1.8

 Vd/F (L/3 kg) 5.92 16.6 5.72 3.4–11.8

 Ka (h−1) 0.39 (fix) -

 TIND (hours) 134 (fix) -

 INDX 0.66 (fix) -

Inter-individual variability (IIV)

 IIV (CL/F) 0.45 10.8 0.44 0.27–1.9

 IIV (Vd/F) 1.17 16.8 1.18 0.58–2.0

Residual Variability

 σ (Proportional) 0.049 38.2 0.044 0.007 – 0.09

Note: CL/F oral clearance; V/F; apparent volume of distribution; Ka absorption rate constant; TIND induction half-time; INDX Fraction of steady 
state CL/F at time of NVP initiation; RSE%: relative standard error (standard error of estimate/estimate*100);

^
Statistics from 1,000 bootstrap analyses; CL/F = 0.058 × (WT/3)0.75 × (PNA/24) 0.53 × [1 − (1 − INDX)*exp(−Time*0.693/TIND)]; Vd/F = 

5.92 × (WT/3)1
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