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Highly active antiretroviral therapy (HAART) has improved the life expectancy of 

HIV-1-infected patients dramatically since it was launched in 1996, but there are still 

many challenges in the provision of HAART, especially to children in resource limited 

countries.  Efavirenz (EFV), a non-nucleoside reverse transcriptase inhibitor (NNRTI) 

forms part of the recommended national first line antiretroviral treatment regimen for 

children older than 3 years and weighing more than 10 kg in South Africa.  Limited 

pharmacokinetic information on EFV plasma concentrations in sub-Saharan HIV-1-

infected children is available. EFV is primarily metabolised by hepatic CYP2B6 

isoenzymes.  The CYP2B6 gene is characterised by extensive inter-individual 

variability in hepatic expression and activity. The single nucleotide change, 516G>T, 

on the CYP2B6 gene has consistently been associated with elevated EFV plasma 

levels in different ethnic populations and these are more frequently observed in 

populations of African descent.  The recommended therapeutic range of EFV plasma 

levels is 1-4 μg/ml and the Cmin should be above 1 μg/ml.   

In this prospective study (PK/PD.EFV.07) cohort, 60 black children, both genders, 

with no prior exposure to antiretroviral therapy and eligible for antiretroviral therapy 

(ART) were enrolled and followed up at 1, 3, 6, 12, 18 and 24 months post HAART 

initiation.  They all attended the outpatient clinic at Harriet Shezi Children’s Clinic, 

Chris Hani Baragwanath Hospital, Soweto, South Africa.  The required ethics 

approval was obtained to conduct this study. 

The objectives of this investigation were to: develop and validate a suitable LC-

MS/MS method to accurately determine plasma EFV levels from this study 

population, determine the prevalence and effect of CYP2B6 516G>T polymorphism 

on EFV plasma levels, determine the population pharmacokinetic clearance (CL/F) 

value of EFV, identify covariates that influence the clearance of EFV in HIV-1-

infected children, and investigate specific pharmacodynamic effects and therapeutic 
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outcomes of this EFV-based regimen within this paediatric population over the 24 

months post-HAART initiation.   

The main findings of the measured mid-dose EFV plasma concentrations showed 

that sub-therapeutic concentrations (<1 µg/ml) accounted for 18% (116/649), within 

therapeutic range (1-4 µg/ml) represented 52.5% (341/649), and concentrations 

above the therapeutic range (>4 µg/ml) represented 29.5% (192/649).  A significant 

number of the samples (47.5%) were outside the accepted therapeutic range during 

this 24 month follow-up period.  Possible reasons contributing to this include genetic 

variation in drug metabolism and non-adherence.  

Genotype results on all 60 study participants were: 23% 516 T/T homozygotes, 42% 

516 G/G homozygotes and 35% 516 G/T heterozygotes.  The 516 T-allelic variant 

frequency was relatively high at 41%.  This also supports and explains why such a 

large number (29.5%) of the mid-dose interval plasma samples were above (>4 

µg/ml) the accepted therapeutic range.    

Repeated measures ANOVA confirmed that CYP2B6 516 G/G, G/T and T/T 

genotypes were consistently predictive of the log EFV concentrations at all times (P 

= 0.0001).  The total median (IQR) EFV plasma concentrations over the 24 months 

post-HAART when pooled, were 6.36 (3.47 – 7.28) for T/T, 2.55 (1.62 – 3.59) for 

G/T, and 1.41 (1.02 – 1.74) μg/ml for G/G groups respectively (P<0.00001).  Multiple 

comparisons by groups revealed that the EFV plasma concentrations between the 

T/T and G/G (P=0.000002) and between G/T and G/G (P=0.009) were statistically 

significant.  However, the differences between the EFV plasma concentrations of the 

T/T and G/T groups were not significantly different (P=0.074).  This supports 

previous results that the presence of the 516 T-allelic variant is responsible for the 

higher EFV plasma concentrations within individuals presenting with this single 

nucleotide mutation on the CYP2B6 gene.     

This EFV-based treatment was well tolerated even at plasma concentrations above 

the therapeutic range (>4 µg/ml) and most side effects subsided spontaneously.  

89% of the participants were virally suppressed at 24 months post-HAART.  The 

efficacy of this EFV-based treatment did not affect the three genotype groups 

differently and they showed similar improvement in their immunological (CD4-cell 
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count and CD4%) markers and reduction in viral load over the 24 months post-

HAART initiation.  We found no association of the CYP2B6 516G>T polymorphism 

and side effects reported after 1 month of treatment within this study population. 

The final population pharmacokinetic (PK) estimates for EFV clearance (CL/F) were, 

2.46, 4.60, and 7.33 l/h for the T/T, G/T, and G/G respective genotype groups.  The 

volume of distribution (V/F) estimate was 89.52 l.  The importance of interoccasion 

variability (IOV) in a PK model for a longitudinal study was again highlighted by this 

investigation. 

To our knowledge, this is the first study in black South African HIV-1-infected 

children with measured sequential EFV plasma concentrations which also 

investigated the influence of the CYP2B6 516G>T polymorphism on EFV plasma 

concentrations and the population clearance (CL/F) value of EFV in a longitudinal 

study over a period of 24 months post-HAART initiation.   

Keywords: Efavirenz, pharmacokinetics, pharmacodynamics, pharmacogenetics, 

clearance 
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Hoogs aktiewe antiretrovirale terapie (HAART) het die lewensverwagting van HIV-1-

infektiewe pasiënte dramaties verbeter sedert die bekendstelling daarvan in 1996.  

Daar is egter nog steeds verskeie hindernisse wat die voorsiening van HAART 

beïnvloed, veral aan kinders in lande met beperkte hulpbronne.  Efavirens (EFV) is 

’n nie-nukleosied trutranskriptase remmer wat deel uitmaak van die voorgestelde 

nasionale eerstelinie antiretrovirale behandeling vir kinders in Suid Afrika ouer as 3 

jaar en wat meer as 10 kg weeg.  Beperkte farmakokinetiese inligting van EFV-

plasmavlakke in sub-Sahara HIV-1-geïnfekteerde kinders is beskikbaar.  EFV word 

primêr deur die hepatiese sitochroom CYP2B6 iso-ensieme gemetaboliseer.  Die 

CYP2B6-geen word gekarakteriseer deur aansienlike interindividuele variasie a.g.v. 

verskille in hepatiese uitdrukking en aktiwiteit.  ‘n Enkele nukleotied verandering, 

516G>T, op die CYP2B6-geen word deurgaans geassosieer met verhoogde EFV-

plasmavlakke in verskillende etniese populasies.  Die mutasie kom veral baie meer 

voor onder swart populasies oorspronklik afkomstig uit Afrika.  Die aanbevole 

terapeutiese grense vir EFV-plasmavlakke is 1-4 μg/ml en die Cmin moet nie onder 1 

μg/ml daal nie.   

Hierdie prospektiewe kohort studie (PK/PD.EFV.07) het bestaan uit 60 swart kinders 

van beide geslagte, met geen vorige blootstelling aan antiretrovirale terapie (ART) 

nie en almal was geskik om met ART te begin.  Na aanvang van ART is elkeen na 1, 

3, 6, 12, 18 en 24 maande opgevolg.  Al die studiedeelnemers was buite-pasiënte 

van die kliniek, Harriet Shezi Children’s Clinic, Chris Hani Baragwanath Hospitaal in 

Soweto, Suid Afrika.  Al die nodige etiese goedkeuring om die studie uit te voer is 

verkry. 

Die doelstellings van die ondersoek was: ontwikkeling van ’n gevalideerde 

vloeistofchromatografie-massaspektrometriese metode wat die EFV-plasmavlakke 

van die studie akkuraat kon bepaal; bepaling van die frekwensie en effek van die 
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CYP2B6 516G>T polimorfisme; bepaling van die populasie farmakokinetiese 

opruiming (CL/F) van EFV, identifisering van kovariante wat die opruiming van EFV 

in die HIV-1-geïnfekteerde kinders beïnvloed, asook om die spesifieke 

farmakodinamiese effekte en terapeutiese uitkomste van die EFV-gebaseerde 

regime binne hierdie pediatriese populasie oor 24 maande na die aanvang van 

HAART te ondersoek. 

Die hoofbevindings van die gemete EFV-plasmavlakke wat gedurende die 

middoseringsinterval geneem is, het aangetoon dat 18% (116/649) van die vlakke 

subterapeuties (<1 µg/ml) was, dat 52.5% (341/649) van die vlakke binne die 

terapeutiese grense (1-4 µg/ml) was en dat 29.5% (192/649) van die vlakke bo die 

terapeutiese grens (>4 µg/ml) was.  ’n Beduidende hoeveelheid van die monsters 

(47.5%) was dus buite die aanvaarbare terapeutiese grens gedurende die 24-

maande opvolgperiode.  Moontlike redes wat daartoe kon aanleiding gee is 

genetiese variasie in die geneesmiddelmetabolisme en swak pasiënt-

meewerkendheid. 

Die genotiperingsresultate vir die 60 studiedeelnemers het die volgende aangetoon: 

23% was 516T/T homosigoties, 42% was 516G/G homosigoties en 35% was 516G/T 

heterosigoties.  Die CYP2B6 516T allel variantfrekwensie was hoog op 41%.  Dit 

ondersteun en verklaar waarom so ’n groot hoeveelheid (29.5%) van die 

middoseringsinterval se EFV-plasmavlakke bo die aanvaarbare terapeutiese grens 

(>4 µg/ml) geval het.   

Herhaalde metings deur ANOVA het ook bevestig dat die CYP2B6 516 G/G, G/T en 

T/T genotipes die log EFV-vlakke ten alle tye (P = 0.0001) voorspel het.  Die totale 

mediaan (interkwartiel grens) EFV-plasmavlakke wat saamgevoeg is oor die 24 

maande na ART was onderskeidelik 6.36 (3.47 – 7.28) vir T/T, 2.55 (1.62 – 3.59) vir 

G/T, en 1.41 (1.02 – 1.74) μg/ml vir die G/G groepe (P<0.00001).  Veelvuldige 

vergelykings tussen die groepe het blootgelê dat die EFV-plasmavlakke tussen die 

T/T en G/G (P=0.000002) en tussen die G/T en G/G (P=0.009) genotipes wel 

statisties beduidend van mekaar verskil.  Die verskil tussen die EFV-plasmavlakke 

van die T/T en G/T groepe was egter nie statisties beduidend nie (P=0.074).  Dit 

ondersteun vorige resultate dat die teenwoordigheid van die 516T allel variant 
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verantwoordelik is vir die hoër EFV-plasmavlakke by individue wat met die enkel 

nukleotiedmutasie op die CYP2B6-geen presenteer.   

Die EFV-gebaseerde terapie is baie goed verdra, selfs by diegene met hoë 

plasmavlakke bo die terapeutiese grens (>4 µg/ml), en meeste van die newe-effekte 

wat wel gerapporteer is, het spontaan opgeklaar.  Suksesvolle virale onderdrukking 

na 24 maande sedert die aanvang van ART is verkry by 89% van die 

studiedeelnemers.  Die effektiwiteit van die EFV gebaseerde behandeling het nie op 

statistiese verskille aangedui tussen die drie genotipes nie.  Dieselfde verbetering in 

immunologiese (CD4 telling en CD4%) merkers en afname in virale lading is verkry 

gedurende die 24 maande sedert die aanvang van ART binne die drie groepe.  Ons 

kon geen assosiasie vind tussen die CYP2B6 516G>T polimorfisme en newe-effekte 

wat na 1 maand van behandeling gerapporteer is nie. 

Die finale populasie farmakokinetiese voorspellings vir EFV-opruiming (CL/F) was 

onderskeidelik 2.46, 4.60 en 7.33 l/h vir die T/T, G/T en G/G genotipes.  Die volume 

van verspreiding (V/F) was 89.52 l. Die belangrikheid van interokkasie variasie (IOV) 

in ’n farmakokinetiese model wat ’n longitudinale studie moet kan voorspel en 

beskryf is weereens deur die ondersoek beklemtoon. 

Hierdie studie is sover ons kennis strek die eerste studie in swart Suid-Afrikaanse 

HIV-1-geïnfekteerde kinders waar ‘n reeks van opeenvolgende EFV-plasmavlakke 

gemeet is, die invloed van die CYP2B6 516G>T polimorfisme op EFV-plasmavlakke 

ondersoek is, en die populasie opruimingswaarde (CL/F) van EFV in ’n longitudinale 

studie oor ’n tydperk van 24 maande na die aanvang van HAART ondersoek is. 

Sleutelwoorde:  Efavirens, farmakokinetika, farmakodinamika, farmakogenetika, 

opruiming 
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1.1 Problem Statement 

In 2011 we commemorate two important milestones in the combat against the most 

challenging medical and social phenomenon of our time, the acquired immune 

deficiency syndrome (AIDS) pandemic.  It is the 30th anniversary of the epidemic’s 

commencement that was first reported and diagnosed in June 1981, and the 15th 

anniversary of the first launch of highly active antiretroviral therapy (HAART). 

The 2006 UNAIDS, the global AIDS epidemic report stated, that “despite some 

notable achievements, the response to the AIDS epidemic to date has been nowhere 

near adequate.  In just 25 years, HIV has spread relentlessly from a few widely 

scattered ”hot spots” to virtually every country in the world, infecting 65 million 

people and killing 25 million”(UNAIDS, 2006).   

However, the 2010 UNAIDS global AIDS epidemic report, was more optimistic, 

stating that: “The overall growth of the global AIDS epidemic appears to have 

stabilized.”  A steady decline in new HIV infections and fewer AIDS-related deaths 

due to the increase of antiretroviral therapy (ART) are reported.  The number of 

people living with HIV worldwide has increased due to the reduction in mortality.  

Sub-Saharan Africa still remains the worst HIV affected region in the world, although 

new HIV infections have either stabilized or are showing signs of decline.  The 

estimated total number of people living with HIV in sub-Saharan Africa reached 22.5 

million (20.9-24.2 million), which represents 68% of the global total.  An estimated 

1.8 million (1.6-2.0 million) people became infected in 2009. This is considerably 

lower than the estimated 2.2 million (1.9-2.4 million) people newly infected with HIV 

in 2001.  South Africa’s epidemic remains the largest in the world with an estimated 

5.6 million (5.4-5.8 million) people living with HIV in 2009 (UNAIDS, 2010).  
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The South African National Department of Health completed an operational plan in 

November 2003 for the care and treatment of patients with HIV infection. This plan 

included the treatment and provision of ART to HIV-infected patients.  The 

implementation of this HIV-roll out plan began shortly after the first sites, providing 

antiretroviral treatment, had been established early in 2004 (Mbewu & Simela, 2003; 

Ijumba et al., 2004).  Antiretroviral treatment guidelines were published by the 

National Department of Health in 2004, 2005 and 2010 (NDoH, 2004, 2005, and 

2010). The South African public health care sector will have had 7 years of 

experience in the treatment of HIV/Aids on a national level in 2011. 

Despite the fact that HAART has improved the life expectancy (prognosis and 

outcome) of HIV-1-infected children dramatically (de Martino et al., 2000; Fraaij et 

al., 2003; Palella et al., 1998; Walker et al., 2004; Fassinou et al., 2004), there are 

still many challenges in the provision of HAART, especially to children. The following 

factors need to be taken into account when working with HIV-infected children within 

the South African context: 

i) Very large inter- and intra-patient variability is observed in the pharmacokinetics 

of antiretrovirals (ARVs), especially in the non-nucleoside reverse transcriptase 

inhibitors (NNRTIs) and protease inhibitors (PIs)(Fraaij et al., 2003; Back et al., 

2002).  Unpredictable pharmacokinetics, caused by altered absorption, genetic 

variations in metabolism, and drug-drug interactions, frequently lead to either 

sub-therapeutic levels, and thus an increased risk of viral rebound or to toxic 

levels leading to related side-effects (de Martino et al., 2000; Fraaij et al., 2003; 

Palella et al., 1998; Walker et al., 2004). 

ii) The emergence of a high rate of virological failure and resistance to ARVs is a 

great concern, since it is a major contributor to the failure of long-term 

suppression of HIV replication (Fraaij et al., 2003; Ledergerber et al., 1999; 

Durant et al., 1999; Aboulker et al., 2004).   

iii) Adequate paediatric formulations have not yet been developed or adequately 

tested in children and a substantial number of dosage recommendations for 

children are still absent from the guidelines (Fraaij et al., 2003; Ledergerber et 

al., 1999).  
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iv) Poor adherence to the prescribed therapy also contributes to treatment failure 

and plasma concentration variation (Ledergerber et al., 1999; Durant et al., 

1999; Aboulker et al., 2004). 

v) The optimal time to initiate HAART has evoked numerous debates and 

discussions (Walker et al., 2004), and the new international guidelines 

published in July 2010 have stated to commence with HAART as soon as 

possible (Thompson et al., 2010; WHO, 2010).   

Lima et al., (2009), concluded that the challenge still remains in the development of 

further strategies to sustain and maintain high levels of adherence to HAART, to 

sustain long-term viral suppression and to avoid or further prevent disease 

progression, death and drug toxicity.  

1.2 Study Objectives 

The clinical study (PK/PD.EFV.07), Population pharmacokinetic and 

pharmacodynamic study of efavirenz in HIV-infected children treated with first line 

antiretroviral therapy in South Africa (Principal Investigator: Mrs. M. Viljoen), was 

approved by the Human Research Ethics Committee (Medical) of the University of 

the Witwatersrand, Johannesburg (Ethics reference number: 070413) and the Ethics 

Committee of the North-West University, Potchefstroom (NWU-0015-07-A5) in June 

2007.  The recruitment commenced in June 2007 and the last 24-month follow-up 

was completed in March 2010.   

The important novelty and contribution of this study to the current knowledge of 

efavirenz pharmacokinetics in South African black children, is that this study was 

conducted on HAART naïve children who were followed up on a longitudinal basis 

for 24 months post HAART initiation.  

Various primary and secondary objectives were set out for this clinical trial; refer to 

the Approved Study Protocol (final amended version nr 8, March 2009) Addendum 

A1.   

Only the primary and secondary objectives pertaining to this PhD thesis are reflected 

here. 
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1.2.1 Primary Objectives 

i) To develop, optimise and validate a LC-MS/MS method to determine plasma 

efavirenz levels accurately. 

ii) To collect a series of plasma efavirenz levels in this paediatric study 

population at 1,3,6,12,18 and 24 months post HAART, in order to investigate 

the levels of efavirenz in these children after chronic treatment. 

iii) To determine and investigate the prevalence of the CYP2B6 516G>T 

polymorphism and its effect on efavirenz plasma levels within this paediatric 

study population. 

iv) To determine the population pharmacokinetic clearance (CL/F) value, and 

covariates influencing the clearance of efavirenz in combination with 2 NRTIs 

in HIV-1 infected children (older than 3 years and weighing more than 10 kg), 

with a non-linear mixed effects modelling (NONMEM), using a routine clinic-

based, sparse collection of blood samples. 

1.2.2 Secondary Objectives 

To investigate correlations between certain pharmacodynamic endpoints (CD4%, 

CD4-cell count; viral load; side effects and toxicity) and the efavirenz-based regimen 

within this paediatric population.   

1.3  Brief Clinical Trial Layout 

This clinical study (PK/PD.EFV.07) was a prospective, clinic-based, non-randomised 

open label study, in HIV-1-infected children who visited the Harriet Shezi Children’s 

clinic on an outpatient basis.  The attending clinicians, consulting with these patients, 

followed the antiretroviral treatment guidelines and first line regimen of the National 

Department of Health for the management of HIV-infected children (NDoH, 2005).  

No investigational drugs, dosages or combinations were used.  The cohort consisted 

of 60 black children (3-14 years), both genders, with no prior exposure to ART. 

These children were eligible to commence with ART and were from resource-limited 

households.  Each study participant was monitored and included in this study for a 

minimum period of 24 months (7 study related visits) and a maximum period of 30 

months (including staging, screening and baseline monitoring).  Figure 1.1 is a 
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schematic representation of this study layout and relevant study visits that were 

carried out from June 2007 up to March 2010.  

Figure 1.1: Schematic diagram of study layout of PK/PD.EFV.07. 

1.4 Structure of this Thesis 

This thesis was prepared and written to comply with the article format for 

thesis/dissertation submission, as approved by the North-West University (NWU); 

however, minor alterations were added.  All chapters and manuscripts have their 

own reference list provided at the end of each chapter.  

This article thesis format includes the following: 

Chapter 1:  Introduction 

Chapter 2:  Literature Review 

Chapter 3:  Materials and Methods 

Chapter 4:  Manuscript A (Published) 

Chapter 5:  Manuscript B (Submitted – March 2011) 
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Chapter 6:  Manuscript C (Pro-forma article to be submitted) 

Chapter 7:  Additional results and discussions not covered in Manuscripts A-C 

Chapter 8:  Conclusions and Recommendations 

Addendum A: Documentation pertaining to the clinical study (PK/PD.EFV.07), 
such as Approved Study Protocol, Consent Forms, Case Report 
Forms and Ethics approval.   

Addendum B: Various standard operating procedures (SOP)  

Addendum C: Guidelines and author instructions relevant to the accredited 
journals for which manuscripts were submitted or are going to be 
submitted.  

Addendum D: Various descriptive statistics results and most relevant NONMEM 
analysis outputs.  

1.5 Research Outputs 

Accepted Publications relating to this clinical study PK/PD.EFV.07: 

• Viljoen, M. Gous, H. Kruger, HS. Riddick, A. Meyers, TM. Rheeders, M. Efavirenz 

Plasma Concentrations at 1, 3 and 6 Months Post Antiretroviral Therapy Initiation 

in HIV-1-Infected South African Children.  Aids Research and Human 

Retroviruses, 2010 26(6):613-619.  (Chapter 4) 

• Theron, A. Cromarty, D. Rheeders, M. Viljoen, M.  Determination of salivary 

efavirenz by liquid chromatography coupled with tandem mass spectrometry.  

Chromatography B, 2010 878:2886-2890.  Not submitted as part of this thesis. 

Conference contributions (2008-2010) relating to this clinical study PK/PD.EFV.07: 

• Viljoen, M. Loots, DT. Rheeders, M. Gous, H.  Routine drug level monitoring of 

first line ARV regimen in a South African paediatric HIV roll-out clinic.  IXth World 

Conference on Clinical Pharmacology and Therapeutics, 27July-1 Aug. 2008, 

Quebec, Canada.  (Poster) 

• Viljoen, M. Gous, H. Kruger, H.S. Riddick, A. & Rheeders, M.  Efavirenz plasma 

concentrations at 1, 3 and 6 months post antiretroviral treatment in HIV-1 infected 

South African children.  Ist International Workshop HIV Paediatrics, 17-18 July 

2009, Cape Town, South Africa.  (Poster) 
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• Kruger, H.S.  Viljoen, M. Gous, Haupt, C.  Improvement in nutritional status of 

HIV-infected children after starting highly active antiretroviral therapy.  Ist 

International Workshop HIV Paediatrics, 17-18 July 2009, Cape Town, South 

Africa.  (Poster)  

• Theron, A. Viljoen, M. Rheeders, M.  A pilot study to investigate the predictability 

of efavirenz plasma levels in HIV-1 infected South African children. 5th 

International Conference on Pharmaceutical and Pharmacological Sciences 

(ICPPS), 23-26 September 2009, North-West University, Potchefstroom Campus. 

(Podium) 

• Kruger, HS. Viljoen, M. Haupt, C. Meyers, TM. Improved body composition of 

HIV-1 infected stunted children after one year of antiretroviral therapy.   IUNS 5-8 

October 2009, Bangkok, Thailand.  (Poster)   

• Theron, A. Viljoen, M. Cromarty, D. Rheeders, M. Jansen van Rensburg, PJ. 

Malan, L.  Determination of efavirenz in human saliva by high performance liquid 

chromatography coupled with tandem mass spectrometry (LC-MS/MS). 2ND 

International Workshop on HIV Paediatrics, 16-17 July 2010, Vienna, Austria. 

(Poster)   

• Viljoen, M. Dandara, C. Rheeders, M. Conradie, KR. Kruger, HS. Meyers, TM. 

Gous, H.  Prevalence of CYP2B6-516G>T polymorphism in black South African 

HIV-infected children on efavirenz based antiretroviral therapy. 16TH World 

Congress of Basic and Clinical Pharmacology, 17-23 July 2010, Copenhagen, 

Denmark.  (Poster)   

• Rheeders, M. Viljoen, M. Theron, M. Meyers, TM. Saliva as a non-invasive 

alternative to plasma efavirenz.  16TH World Congress of Basic and Clinical 

Pharmacology, 17-23 July 2010, Copenhagen, Denmark.  (Poster) 

1.6 Contributions of Authors to the Manuscripts 
presented in this Thesis 

The various contributions and responsibilities of the authors and researchers 

involved in this study and articles presented in this thesis are provided in Table 1.1.
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Table 1.1: Respective contributions of the various collaborators 

AUTHOR AFFILIATION ROLE 

Mrs M Viljoen 
(PhD candidate) 

Dept. of Pharmacology, 
School of Pharmacy, 
NWU. 

Principal Investigator: 
PK/PD.EFV.07. 
Funding grants (NRF-Thuthuka: 
2007-2010 & MRC: 2008-2010). 
Ethics approval and Study Protocol. 
Study visit recordings (baseline, 1-24 
months). 
Case report forms and routine test 
results follow-up. 
Development, validation and 
analysis of EFV plasma (LC-MS/MS 
method). 
DNA isolation and PCR (CYP2B6 
G516T). 
Statistical analysis in consultation 
with Statistical Consultation 
Services, NWU. 
Interpretation and writing up of 
manuscripts and all chapters 
presented herewith. 
First author: Manuscripts A-C. 

Dr M Rheeders 
(Promoter) 

 

Dept. of Pharmacology, 
School of Pharmacy, 
NWU. 

Supervisor of M Viljoen. 
Co-author: Manuscripts A-C. 
Study Protocol. 
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Dr H Gous 
(Co-promoter) 
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Clinic, Chris Hani 
Baragwanath Hospital, 
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University of 
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Co-supervisor of M Viljoen. 
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Adherence assessments. 
Guidance with writing of thesis and 
clinical study logistics.  
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2.1 Introduction 

This literature review explores the aspects of highly active antiretroviral therapy 

(HAART), antiretroviral drugs used in South Africa, their pharmacokinetics in 

general, and more specifically in children.  The focus of this review will then change 

to highlight the pharmacokinetic and pharmacodynamic aspects of efavirenz, as this 

was the primary focus of this study.  

The first awareness of AIDS (acquired immune disease syndrome) was evident in 

the summer of 1981 with the diagnosis of opportunistic infections such as 

pneumocystis pneumonia and Kaposi’s sarcoma among homosexual men in the 

USA (CDC, 1981).  Controversy and rivalry then developed between US and French 

virologists in claiming the party responsible for the identification of the human 

immunodeficiency virus (HIV) in 1983 as the etiological agent of AIDS (Gallo et al., 

2002; Montagnier, 2002).  The Nobel committee awarded the Nobel Prize in 

Physiology or Medicine to the two French virologists, Francois Barre-Sinoussi and 

Luc Montagnier in 2008, which they shared with a German oncovirologist for his 

work on the human papilloma virus (HPV).  Research contributions and scientific 

achievements on HIV/AIDS have been formidable over the last 25 years.  This varied 

from the identification of HIV as the causative agent of AIDS, to the development of 

effective antiretrovirals (ARVs) and treatment strategies, increased knowledge of 

molecular virology, epidemiology and the pathogenesis of this virus to name just a 

few (Fauci, 2003).   

2.2 Highly Active Antiretroviral Therapy (HAART) 

Highly active antiretroviral therapy (HAART), a combination therapy of three 

antiretroviral agents from at least two different classes, was first eluded to by David 
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Ho, M.D, of the Aaron Diamond Aids Research Centre in New York with an editorial 

he published in The New England Journal of Medicine in 1995 (Ho, 1995).  During 

the 11th International AIDS Conference in Vancouver in July 1996, various reports 

and study results were presented that introduced the decade of HAART (Grossman, 

2006; Bartlett, 2006). 

The introduction of HAART in 1996 substantially improved the life expectancy 

(prognosis and outcome) of HIV-1 infected patients (de Martino et al., 2000; Fraaij et 

al., 2003; Gulick et al., 1997; Palella et al., 1998; Walker et al., 2004).  HIV/AIDS is 

now classified as a treatable chronic disease where the median life expectancy for 

patients on HAART is 24 – 39 years (Gardner et al., 2009).  However, despite the 

significant clinical benefits of HAART, little evidence is available that HIV can be 

eradicated by antiretroviral drugs or by the immune system (Johnston, 2010).  The 

virus has the ability to persist in stable latent reservoirs despite treatment. Ultra-

sensitive assay methods are able to detect very low levels of the virus during 

treatment.  Furthermore, studies have shown that the virus rebounds with little 

exception when HAART is stopped (Chun et al., 1997; Davey et al., 1999).   

There is general disagreement on the type of cure (functional or sterilizing) that 

should be used for HIV, this should be approached by obtaining a better 

understanding and insight of the characteristics and mechanisms of these persistent 

viral reservoirs.  The search for a cure for HIV is one of the most challenging and 

potentially rewarding research areas in AIDS research (Johnston, 2010). 

The primary principles and goals of HAART are to:  

i) reduce and sustain viral replication below the threshold of detection of 

standard clinical assays (HIV-1 RNA < 50 copies / ml);  

ii) restore and preserve immunological function;  

iii) reduce HIV-related morbidity and prolong survival; 

iv) improve patient quality of life; and   

v) prevent HIV transmission (DHHS Panel on Antiretroviral Guidelines for Adults, 

2009).   
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Other emerging goals of HAART that have been identified include:  

i) the reduction of the risk for immune response inflammatory syndrome (IRIS);  

ii) the reduction of morbidity and mortality due to non-AIDS-related disease; 

iii) the achievement of normal life expectancy; 

iv) the reduction of a lifetime risk for HIV transmission to others; and  

v) the reduction of drug toxicity and improvement of drug efficacy (DHHS Panel 

of Antiretroviral Guidelines for Adults and Adolescents, 2008).  

2.2.1 Treatment Failure  

With the evolution of HAART in the mid 1990s, it was clear that this strategy of 

combination treatment with ARVs was found to reduce and inhibit HIV replication 

profoundly. Furthermore, viral suppression can be sustained and maintained 

successfully if the correct HAART regimen was prescribed and adhered to (Flexner, 

2006; Fraaij et al., 2003; Walker et al., 2004). 

Both the CD4+T-lymphocyte (CD4)-cell counts and plasma HIV-1 viral load (VL) 

values have been shown to have prognostic value (Moore et al., 2009).  Evaluation 

of the therapeutic outcomes of HAART, generally involves the monitoring and 

assessments of the clinical disease progression, immunological tests (CD4-cell 

count and CD4% especially in children) and VL on a 3 monthly or 6 monthly 

(resource poorer countries) basis (DiPiro, 2009; NDoH, 2010).  The CD4-cell count is 

an indication of the degree of immune suppression in adults, and the CD4% as a 

total of all lymphocytes is the best indicator of immunodeficiency in children.  The 

CD4-cell count is regarded as a reliable marker of progressive immunodeficiency 

(NDoH, 2010).  Assessment of viral load is an indicator of the number of HIV-1 RNA 

copies / ml in plasma and is a reflection of the degree of viral replication.  Viral 

replication will lead to the development of resistance and ultimately treatment failure 

(Starr et al., 1999). 

HAART requires lifelong treatment, which is a daunting task for any healthcare 

practitioner and even more challenging for people living with HIV/AIDS.  Optimisation 
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of HAART and the prevention of treatment failure are of paramount importance, it is 

a continuous dynamic process to ensure that the best and most effective HAART is 

prescribed and adhered to (Cressey et al., 2007; Flexner, 2006).  

Many factors have been reported to influence the efficacy of HAART, with 

pharmacokinetic variability of ARVs, adherence and viral resistance identified as the 

most important (Cressey et al., 2007).  There is a delicate and complex interplay 

between pharmacokinetic variability, adherence and resistance on virological 

suppression, which have been extensively investigated (Pham, 2009).  The 

pharmacokinetic variability of ARVs, adherence and viral resistance will be 

discussed briefly to provide better insight into their roles and contributions to ART 

failure. 

2.2.1.1 Pharmacokinetic variability 

Pharmacokinetic variability, due to differences in absorption, distribution, 

metabolism, excretion, drug-drug interaction, drug-food interaction, age, sex, 

pregnancy and genetics, may lead to sub-therapeutic and or toxic plasma 

concentrations of ARVs (Adkins et al., 1998, Cressey et al., 2007, Flexner, 2006, 

Stocrin, 2004). 

Sub-therapeutic plasma concentrations of ARVs are of great concern and will 

ultimately lead to viral resistance and consequently to treatment failure. Factors 

leading to sub-therapeutic plasma concentrations include the variability of drug 

pharmacokinetic parameters such as low bioavailability, high metabolic clearance 

due to genetic variations, drug interactions and food-drug interactions. Non-

adherence is a key factor, since drug related toxicity can also lead to poor adherence 

and ultimately to sub-therapeutic levels (Cressey et al., 2007, de Maat et al., 2003).   

A randomised controlled trial by Khoo and co-workers indicated that 38% of adult 

patients taking PIs and NNRTIs had persistent sub-therapeutic drug concentrations 

when measured.  Adherence was identified as the main factor for this large inter-

individual variability, but other factors such as ethnicity, sex, body weight, hepatitis 

status and host genetic variability may also have been responsible (Khoo et al., 

2006).  An alarming statistic is that up to 50% of ARV-naive patients discontinue their 
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first line regimen due to virological failure or toxicity in clinical practice (Kiser et al., 

2005).   

Pharmacokinetic variability due to genetic mutations and specific polymorphisms that 

occur on the cytochrome (CYP) P450 enzyme systems are discussed in greater 

detail under Pharmacogenetics in this chapter, as this was one of the main 

objectives of the study. 

2.2.1.2 Adherence  

Poor adherence to HAART is recognized as one of the crucial challenges in 

achieving better clinical outcomes for patients (Cressey et al., 2007).  However, to 

maintain adequate levels of adherence to HAART is proving to be very difficult for 

the many people living with HIV.  To obtain the optimum benefit from HAART, 

specific daily dosages at specific time intervals must be taken and these individuals 

face a lifetime of therapy.  Lima and co-workers, reported that incomplete adherence 

to HAART was strongly associated with increased mortality.  Patients being non-

adherent on efavirenz-based NNRTI therapies were at a higher risk of mortality 

(Lima et al., 2009).  Non-adherence, as already stated, was reported to be one of the 

leading causes of sub-therapeutic ARV levels and subsequent treatment failure 

(Cressey et al., 2007).   

The “golden standard” for measuring adherence to HAART has not yet been 

established, despite various studies that have been conducted and the numerous 

tools available to monitor and enhance adherence (Nachega et al., 2007). 

The widely cited article by Paterson et al. (2000), reported that a protease inhibitor 

adherence of 95% or greater is required to obtain an optimised virological outcome 

for HIV-infected patients.  This publication led to the adoption of the principle that ≥ 

95% adherence to ARV medication was required to achieve optimal treatment 

efficacy (Paterson et al., 2000; Gulick, 2006).  However, results from REACH 

concluded that less than 95% adherence to NNRTI-based regimens can still lead to 

successful viral suppression (Bangsberg, 2006).  In another very large (n=2821) 

observational cohort study, conducted in the South-African private sector with HIV-

infected adults, virologic outcomes improved in a linear dose-response manner when 

adherence to NNRTI-based regimens increased above 50%.  These results suggest 
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that good clinical outcomes can be achieved in routine clinical practice even when 

adherence is not perfect on NNRTI-based regimens (Nachega et al., 2007).   

The ultimate primary goal with adherence outcomes remains to strive for the highest 

possible level of adherence.  The emphasis that is placed on near-perfect adherence 

to ARV therapy is and will always remain crucial to improve HIV treatment outcomes 

(Bangsberg & Deeks, 2002; Bangsberg, 2006).   

2.2.1.3 Resistance 

When viral replication continues in the presence or selection pressure of drug 

exposure, antiretroviral resistance is likely to occur (Shafer, 2004).  The NNRTI class 

and lamivudine single gene mutations, have demonstrated high-level resistance, 

which can emerge rapidly (Casado et al., 2000; Delaugerre et al., 2001; Walmsley et 

al., 2001).  High-level resistance to other NRTIs and to the PI class of drugs requires 

multiple mutations and therefore takes longer to develop.   

Efavirenz rapidly selects resistant viruses when sub-optimal dosage regimens are 

used.  The K103N point mutation was most frequently observed in patients failing 

efavirenz combination therapy.  Other prevalent mutations observed as double 

mutants in combination with K103N, included V108I, P225H, K101E or K101 and 

L100I (Bacheler et al., 2000).   

Drug-resistant HIV is often resistant to several classes of ARVs, cross-resistance 

within the same class is frequent and this complicates further efforts to curb viral 

replication (Clavel et al., 2004).  The prevalence of NNRTI resistance was very low in 

1998 (0.4%), but it has since increased and was found to be around 7% during the 

2006-2007 interval (Wheeler et al., 2007).  The success of first-line regimens is 

under threat due to the transmission of the antiretroviral-resistant virus.  The benefit 

of resistance testing prior to initial HAART initiation cannot be overstated (King, 

2008).   

The prevention of mother to child transmission (PMTCT) program recommended the 

use of a single dose of nevirapine for the mother and baby to prevent HIV infection.  

This method demonstrated an efficacy in the prevention of HIV transmissions to at 

least half of the infants who would likely have become infected with no intervention 
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(Guay et al., 1999; Moodley et al., 2003).  However, a large proportion of women and 

infants develop NNRTI resistance rapidly following this treatment (Johnson et al., 

2005; Jones et al., 2005; Lyons et al., 2005).  The PMTCT program in South Africa 

has been widely implemented since 2003, and although still inadequate in its 

coverage, more children are being exposed to nevirapine for PMTCT.  However, 

since nevirapine resistance fades (Eshleman et al., 2001), it is unlikely that these 

mutations will be present on standard population genotyping prior to commencing a 

first line regimen with efavirenz.  It is prudent to have baseline genotyping of the 

virus, should resistance occur on therapy (DHHS 2008, 2009), but this is not 

standard practice in developing countries, including South Africa, as it is too costly. 

It is thus extremely important that good adherence is advocated at every opportunity 

and with each patient encounter; therefore the absolute need for adherence must be 

reinforced at every follow-up visit.  Inadequate therapeutic levels of ARV will 

predispose patients to the development of resistant strains (NDoH, 2010).   

2.3 Antiretroviral Agents  

The development of antiretroviral drugs for the HIV-1 infection, of which zidovudine 

was the first drug to be approved in 1987, has been hailed as one of the most 

important accomplishments in medical history.  ART has transformed this fatal 

disease into a chronic condition that can be controlled by the appropriate use of 

various combinations of antiretroviral drugs (King et al., 2009b). 

Six different pharmacological classes of antiretroviral agents are being marketed 

worldwide (refer to Table 2.1). The USA approved 23 antiretroviral agents and 6 

fixed-dose combinations by July 2010.  Currently we only have the 3 original 

antiretroviral classes available in South Africa (NRTIs, NNRTIs and PIs).  New 

investigational antiretroviral agents are continuously being investigated to improve 

efficacy and dosing, and to reduce viral resistance and adverse effects.  Some of 

these new investigational agents include elvucitabine (NRTI), TMC-278 and IDX899 

(NNRTIs), bracanavir (PI), vicriviroc and PRO 140 (CCR5 inhibitor), elvitegravir 

(integrase inhibitor), bevirimat (maturation inhibitor) and ibalizumab/TNX-355 (CD4 

receptor inhibitor) (Safrin, 2009).  However, in July 2010 Merck stopped all 

investigations of vicriviroc-cell due to disappointing study results (AVERT). 
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Table 2.1:  FDA (Food and Drug Administration – USA) approved antiretroviral agents 

Antiretroviral classes Antiretroviral drugs – Year of 
registration by FDA 

Nucleoside Reverse Transcriptase 
Inhibitors (NRTIs) 
Nucleotide Reverse Transcriptase 
Inhibitors (NtRTIs)# 
 
 
 
 
 
Non-nucleoside Reverse Transcriptase 
Inhibitors (NNRTIs) 
 
 
 
 
Protease Inhibitors (PIs) 
 
 
 
 
 
 
 
 
 
 
Fusion Inhibitor 
 
Chemokine Receptor 5 Receptor (CCR5) 
Antagonist 
 
Integrase Inhibitor  

Zidovudine (ZDV / AZT)* - 1987 
Didanosine (ddI)* - 1991 
Zalcitabine (ddC) - 1992 
Stavudine (d4T)* - 1994 
Lamivudine (3TC)* - 1995 
Abacavir (ABC)* - 1998 
Tenofovir#* (TDF) - 2001 
Emtricitabine* (FTC) - 2003 
 
Nevirapine* (NVP) - 1996 
Delavirdine (DLV) - 1997 
Efavirenz* (EFV) - 1998 
Etravirine - 2008 
Rilpivirine 
 
Saquinavir* (SQV) - 1995 
Ritonavir* (RTV) - 1996 
Indinavir* (IDV) - 1996 
Nelfinavir* (NFV) - 1997 
Amprenavir (APV) - 1999 
Lopinavir/ritonavir (LPV/RTV)* - 2000 
Atazanavir* (ATV) - 2003 
Fosamprenavir* (FPV) - 2003 
Tipranavir* (TPV) - 2005 
Darunavir (DRV) - 2006 
 
Enfuvirtide (ENF) - 2003 
 
Maraviroc - 2007 
 
Raltegravir – 2007 
 

Adapted and updated from Chen and Aldrovandi, 2008, 
(http://www.fda.gov/ForConsuers/byAudience/ForPatientAdvocates/HIVandAidsActivities/ucml18915.htm (accessed 29 Sept. 
2010)) and Mims, 2011. * Registered and available in South Africa.(Chen et al., 2008; Snyman, 2011) 

2.3.1 Treatment Guidelines for HIV-infected South African Children 
The latest treatment guidelines released in July 2010 are recommendations of the 

International AIDS Society – USA Panel - and apply to adults and mostly to an 
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international developed world setting (Thompson et al., 2010).  Guidelines for the 

developing world will have to be adjusted according to each country’s individual 

needs and the availability of resources.  The World Health Organization (WHO) 

recommendations were revised and also published in 2010.  The most important 

impact of both of these recommendations was that earlier initiation of ART is 

recommended in both adults and children (Thompson et al., 2010, WHO, 2010).  

The South African National Department of Health – Guidelines for the management 

of HIV-infected children (2005), recommended the following first and second line 

regimens for HIV-infected children (refer to Table 2.2), (NDoH, 2005). These were 

the guidelines that were followed in the clinical study (PK/PD.EFV.07) from the 

initiation in June 2007 until completion of the last follow-up visit in March 2010. 

Table 2.2:  First and second line regimens for ARV initiation in children  

 6 Months up to 3 years > 3 years and > 10 kg 
First Line Stavudine* 

Lamivudine 

Lopinavir / Ritonavir (Kaletra®) 

Stavudine* 

Lamivudine 

Efavirenz 

   
Second Line Zidovudine 

Didanosine 

Nevirapine 

Zidovudine 

Didanosine 

Lopinavir / Ritonavir (Kaletra®) 

* Abacavir may be used if adverse events occur with this NRTI’s.  National Department of Health – Guidelines for the 
management of HIV-infected children, 2005 – Section 10 Table 10 p. 82) 

The dosages of efavirenz in combination with stavudine, lamivudine, abacavir and 

co-trimoxazole (trimethoprim + sulfamethoxazole) are reflected in the Approved 

Study Protocol (Addendum A1). 

However, in 2010 changes were made to the guidelines for the management of HIV-

infected children > 3 years and > 10 kg (Table 2.3).  The most important amendment 

to the new guidelines was that all children less than 1 year, who test HIV positive, 

will be initiated on ART irrespective of their CD4 status.  Another aim of the new ART 

guidelines for children was to decrease the use of stavudine and not to initiate 

children on stavudine any longer.  Children already on stavudine, with regimens that 

are stable, should continue with it and they should be monitored for possible 
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lipodystrophy.  Should lipodystrophy or other toxicities related to stavudine develop 

then a single drug substitution to abacavir is proposed (NDoH, 2010).  

Table 2.3: First and second line regimens for ARV initiation in children  

> 3 years and > 10 kg 

 < 3 years or < 10 kg > 3 years and > 10 kg 

First Line Abacavir#  
Lamivudine   
Lopinavir / Ritonavir (Kaletra®) 

Abacavir#  
Lamivudine   
Efavirenz 

   
Second Line To be referred Zidovudine 

Didanosine 
Lopinavir / Ritonavir (Kaletra®) 

# For all children already on stavudine with no side effects, stavudine may be continued.  Abacavir should substitute 
stavudine once lipodystrophy is suspected.  National Department of Health – Guidelines for the management of HIV-
infected children, 2010 – Section 6 p. 30-32. 

2.3.2 Mechanism of Action of Antiretroviral Drugs 

2.3.2.1 Nucleoside reverse transcriptase inhibitors (NRTIs) 

NRTIs are synthetic nucleoside analogues of natural occurring nucleosides 

(thymidine, adenosine, cytidine, guanosine and uridine).  The NRTIs are prodrugs 

that require intracellular conversion via phosphorylation to the active triphosphate 

component in the host viral cell. These active forms compete with natural substrates 

by acting as false substrates for the reverse transcriptase enzymes.  Once the false 

substrates are incorporated into the viral DNA, the NRTI prevents the formation of 

essential bonds and are thus able to terminate the elongation of the viral DNA.  Most 

of these agents have activity against HIV-1 and HIV-2.  The NtRTI, tenofovir, is 

similar to the NRTIs, except for a structural difference in the phosporylation process 

where only two rather than three intracellular phosphorylations are required (Flexner, 

2006; Safrin, 2009).   

Figure 2.1 represents the HIV life cycle and reflects where the various antiretroviral 

agents act to inhibit the HIV replication. 
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2.3.2.2 Non-nucleoside reverse transcriptase inhibitors (NNRTIs) 

NNRTIs are potent direct inhibitors of the HIV-1 reverse transcriptase enzyme and 

do not require intracellular activation.  They block the RNA and DNA dependent DNA 

polymerase activities in a non-competitive manner.  NNRTIs have no in vitro activity 

against HIV-2 (Flexner, 2006, Safrin, 2009).  

2.3.2.3 Protease inhibitors (PIs) 

PIs competitively inhibit the action of HIV protease.  This enzyme is responsible for 

the proteolytic cleavage of viral polyproteins, GaG and GaG-pol into smaller 

functional proteins.  By blocking the post-translational cleavage of the GaG-pol 

polyprotein they prevent the processing of viral proteins into functional entities, 

resulting in the production of immature non-infectious virions.  They are active 

against both HIV-1 and HIV-2 and they do not require intracellular activation as in the 

case of NRTIs (Flexner, 2006; Safrin, 2009). 

2.3.2.4 Chemokine receptor 5 (CCR5) antagonists 

For the HIV to enter a human cell, it has to attach itself to proteins on the cell’s 

surface.  This attachment to a host cell involves the binding of the viral envelope 

glycoprotein complex gp160 (consisting of gp120 and gp41) to a protein CD4 

receptor.  This binding process induces specific conformational changes that will 

allow access and exposure to the host cells.  CCR5 is one of two co-receptors that 

are required for the HIV to enter into the CD4 cells.  CCR5 inhibitors bind specifically 

and selectively to these receptors and are thus directly responsible for blocking the 

entry of the HIV into the host cells (Flexner, 2006; Safrin, 2009). 

2.3.2.5 Fusion inhibitors  

Fusion inhibitors such as enfuvirtide bind to the gp41 subunit preventing the 

conformational changes that is required for the fusion of the viral envelope with the 

host membrane.  It has no activity against HIV-2 (Flexner, 2006; Safrin, 2009). 
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2.3.2.6 Integrase inhibitors  

Integrase is an enzyme produced by HIV and it is responsible for the early stage 

replication of both HIV-1 and HIV-2.  By blocking this integrase enzyme, strand 

transfer is blocked and the final step of the provirus integration is inhibited.  The 

intergrase inhibitor thus interferes with the final integration of the reverse-transcribed 

HIV DNA into the chromosomes of the host cells (Flexner, 2006; Safrin, 2009). 

 
Figure 2.1: HIV life cycle and indication where the relevant ARVs act upon this life 

cycle of the HIV.  (Taken from and used with permission from McGraw 
Hill, Basic and Clinical Pharmacology, Ed. Katzung, B.G.). 

2.3.3 Pharmacokinetics and Therapeutic Drug Monitoring (TDM) of 
Antiretrovirals in HIV-infected Children 

The early available guidelines for the treatment of children infected with HIV, 

recommended that the same principles of treatment for adults should also be 

applicable to children.  However, the pharmacokinetic and pharmacodynamic 
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characteristics of several of these ARVs and regimens used in adults were not 

adequately defined in children (Fraaij et al., 2004; Hoody et al., 2003).   

Significant inter-individual differences are observed in the pharmacokinetics (PK) of 

ARVs in children and in adults (Back et al., 2002; Fraaij et al., 2003; Fraaij et al., 

2004; Gerber et al., 2003; Hoody et al., 2003).  Children are not just small adults and 

their pharmacokinetics and pharmacodynamics are distinctly different.  Paediatric 

dosing is based on age, weight and or body surface, which are in contrast to adults 

who normally receive a standard fixed dose regardless of age or weight.  Growth and 

development are dynamic, and these continuously changing parameters in children 

partly explain the differences in pharmacokinetics between adults and children.   

Little data is available regarding the effects of HIV infection and antiretroviral drugs 

on body composition in children, particularly in resource restricted settings.  

Progressive subcutaneous fat wasting, fat accumulation, dyslipidaemia and insulin 

resistance in HIV-infected patients on antiretroviral therapy were attributed to the 

long-term toxicity of the PIs.  Fat wasting however had been observed in patients 

who have never taken protease inhibitors in more recent studies, possibly implicating 

NRTIs.  The effect of PIs is predominant and they may act synergistically with 

NRTIs. NRTIs appear to predispose individuals to slowly progressive fat loss, which 

is markedly accelerated when a PI and NRTI are combined.  Stavudine leads to an 

earlier onset of clinical apparent fat wasting and a higher serum lactate concentration 

when compared to zidovudine (Mallal et al., 2000).  Studies have shown that ART 

dramatically improve growth in children.  Height and weight are improved in children 

in whom a reduction of the viral load of at least 1.5 log or <500 copies/ml is achieved. 

In contrast to the increase of the body mass index (BMI) in adults on HAART, BMI 

did not increase in all children effectively treated with HAART.  BMI increased more 

in children with an advanced stage of infection and a poor nutritional status as 

baseline (Verweel et al., 2002; Chantry et al., 2010). 

The influence of changes in body composition (weight, height, growth, body fat, 

muscle mass or fat and muscle distribution) on the pharmacokinetic parameters of 

the antiretroviral drugs needs to be explored.  These changes in body composition 

can be monitored by anthropometric measurements, which are affordable and non-

invasive methods.   
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The pharmacokinetic differences between adults and children occur due to many 

factors, such as: physiological changes associated with growth and development, 

absorption and distribution of drugs, and renal and hepatic functions.  The neonatal 

hepatic enzyme activity of the P450 enzyme system is approximately 20-70% of the 

adult values, it then increases to adult levels by 6-12 months, after which the activity 

exceeds adult levels at 1-4 years, and finally declines to normal adult levels at the 

end of puberty.  This variability in the enzyme activity and maturation in the postnatal 

period, are thus responsible for significant alterations in the disposition of ARVs (de 

Wildt et al., 1999; Fraaij et al., 2004; Hoody et al., 2003; Kennedy, 2008; King et al., 

2002).   

The dosage selection of ARVs in a paediatric population cannot be based on age 

alone, due to the variability in weight among children of the same age, and this may 

lead to dosage errors.  HIV-infected children tend to weigh less than non-infected 

children of the same age.  Therefore the most accurate method for determining 

dosages of ARVs in children is based upon body surface area (BSA), which takes 

into account the patient’s weight (kg) and height (cm) (King et al., 2002).  

HIV-infected children have much higher (10 to 100 fold) viral loads in their blood, 

which also necessitate a difference in management when compared to adults.  

Monitoring of plasma concentrations of the ARVs in children can be beneficial to the 

patient and reassure the clinician that the individual is receiving adequate exposure 

or to prevent toxicity (Aarnoutse et al., 2003; King et al., 2002).   

The therapeutic ranges of antiretroviral drugs for children have not yet been formally 

defined or validated sufficiently in clinical trials.  Concentration-response data are 

however available for most of the PIs and NNRTIs.  It is further uncertain which 

pharmacokinetic parameter is the best to define the therapeutic and toxic exposures 

of drugs.  Different pharmacokinetic parameters such as Cmin (trough levels); Cmax 

(peak levels) and area under the curve (AUC) are used for the assessment of TDM.  

The AUC is probably the most accurate, however, the analysis of the AUC is 

invasive, time consuming and complex.  Cmin is mostly monitored and accepted to 

determine efficacy, since it is the easiest to collect for both the patient and the 

investigator (Aarnoutse et al., 2003; Fraaij et al., 2004; Gerber et al., 2003).  A 

second method is the obtaining of randomly collected blood samples with a definite 
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recall of the time of the last dose, which is then correlated to population 

pharmacokinetic data for that specific drug.  Inaccurate recall of the last dose by a 

few hours can produce inaccurate data especially in drugs with a short half-life such 

as the PIs (Gerber et al., 2003). 

TDM using plasma is considered not viable with the NRTI class, as the intracellular 

levels of the activated components need to be measured and require very 

specialized equipment and large quantities of blood, which is unsuitable for use in 

children (Flexner, 2006; Fraaij et al., 2005; King et al., 2002).  TDM is more viable for 

the NNRTI and PI classes of antiretrovirals (Aarnoutse et al., 2003; Back et al., 2006; 

Flexner et al., 2002; Fraaij et al., 2004; Fraaij et al., 2005; Marzolini et al., 2001).   

Measurements of most drugs in TDM utilise the total drug plasma concentration and 

not the unbound (free) fractions.  Alternative drug measurements from biological 

matrixes, such as saliva and urine, are non-invasive with a lower or diminished risk 

of HIV-transmission to health workers, and could be a beneficial tool to investigate 

adherence (Kopecky et al., 1997; Moeller et al., 2008; van Heeswijk et al., 2001).  

Several pharmacokinetic studies have been performed over the years, especially in 

adults and very few in children.  Various regimens of monotherapy and combination 

antiretroviral therapy have been investigated among children of different age groups.  

However, large scale clinical trials to establish the safety; efficacy and 

pharmacokinetic characteristics in children are still lacking for several reasons: 

different dosages and regimens used; too few participants in clinical trials 

(underpowered); different age groups (neonates-adolescents); varying duration of 

clinical trial periods (often only short term) and lack of controlled studies (Hoody et 

al., 2003; King et al., 2002; Saez-Llorens et al., 2003). 

The rationale for TDM in HIV infection had been the topic of discussion in numerous 

articles and was investigated in some clinical trials on different levels of intervention 

and application.  It has been suggested that TDM could possibly: aid in preventing 

the development of viral resistance, prevent sub-optimal ARV plasma 

concentrations, be helpful in the management of drug interactions, be a tool to 

identify non-adherence, and could prevent avoidable toxicities and adverse reactions 
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(Aarnoutse et al., 2003; Piscitelli et al., 2001; Durant et al., 2000; Acosta et al., 2002; 

Back et al., 2006).  

2.4 Efavirenz 

2.4.1 Background 

Efavirenz, (S)-6-chloro-4-(cyclopropyl-ethynyl) 1,4-dihydro-4-(trifluoromethyl)-2H-3,1-

benzoxazin-2-one (C14H9ClF3NO2), CAS-154598-52-4, has a molecular weight of 

315.7, refer to Figure 2.2 (Flexner, 2006).  It was first registered for use in 1998 by 

the DuPont Pharmaceuticals Company in the USA and marketed under the trade 

name Sustiva™ and later as Stocrin™ in countries such as South Africa.  Efavirenz 

continues to play a very important role in HIV strategies and has contributed 

significantly to the evolution of HAART (Ruiz, 1999).  It is recommended in various 

guidelines as part of first-line regimens in adults and children (Maggiolo, 2009).   

 
Figure 2.2:  Chemical structure of efavirenz (C14H9ClF3NO2, mm = 315.7). 

2.4.2 General Pharmacokinetics of Efavirenz 

Efavirenz is well absorbed from the gastrointestinal tract and it reaches peak plasma 

levels within 5 hours.  Increased doses can reduce absorption and high-fat content 

meals can increase the bioavailability (Adkins et al., 1998; Stocrin, 2004).  It is highly 

(> 99%) bound to plasma proteins, predominantly albumin (Aarnoutse et al., 2003; 

Flexner, 2006; Stocrin, 2004).  Certain clinical conditions and concurrent illnesses 

may influence or cause a fluctuation in the α1-acid glycoprotein (AAG) levels, it is 
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thus important to draw plasma samples under stable clinical conditions (Aarnoutse et 

al., 2003). 

Efavirenz is cleared slowly and it has an elimination half-life of 40 to 55 hours at 

steady state.  This allows for dosing once a day, which contributes to the advantages 

of convenience and better patient compliance (Flexner, 2006; Stocrin, 2004).  

Efavirenz has been dubbed as “forgiving” for the occasional missed or delayed dose 

due to its long half-life, potency, convenience and tolerability (Gulick, 2006; King et 

al., 2009b).  However, the clearance can be faster and the half-life shorter in 

children.  Half-lives of 14.7 hours and 12.93 hours have been reported in Burkino 

Faso (n=48) and German (n=11) children respectively (Hirt et al., 2009; von Hentig 

et al., 2006).  The half-life reported in a study with HIV-1 infected adults (n=235) was 

19 hours (95% CI, 13.2-24.2) (Csajka et al., 2003) and the median estimated half-

lives in HIV-infected adults (n=152) genotyped as G/G, G/T and T/T at position 516 

of CYP2B6 were 23 (IQR, 18-35), 27 (IQR, 19-31) and, 48 (IQR, 39-77) hours 

respectively (Ribaudo et al., 2006).  A more detailed discussion on the clearance of 

efavirenz in children is provided in § 2.4.3.         

Less than 3% of the parent drug is excreted via the kidneys (Flexner, 2006), 

however 14 – 34% of efavirenz is excreted primarily in the urine, but also via biliary 

excretion as mostly the 8-hydroxyefavirenz glucuronide and less as the 7-

hydroxyefavirenz metabolite (Mutlib et al., 1999b; Ward et al., 2003).  Efavirenz is a 

substrate for CYP P450 enzymes and an inhibitor and inducer of CYP P450.  

Efavirenz is primarily metabolized by the hepatic CYP2B6, to a lesser extent by 

CYP3A4 and more recent findings reported on the involvement of CYP2A6 (di Lulio 

et al., 2009; Kwara et al., 2009).  As a result of the involvement of the CYP P450 

system, significant drug-drug interactions can and do occur (Flexner, 2006; Fraaij et 

al., 2004; Fraaij et al., 2005; King et al., 2002).  It was further reported that efavirenz 

enhances its own metabolism during repeated administration (Ngaimisi et al., 2010; 

Stocrin, 2004; Ward et al., 2003).   

Variability in the pharmacokinetics of efavirenz has been investigated and reported in 

numerous studies.  Unpredictable toxicity and efficacy can be attributed to inter-

individual variability.  High levels of inter-individual variability (coefficient of variation, 

CV%), ranging from 40 to 143% have been reported for efavirenz plasma 
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concentrations in adults and children.  The intra-individual variability of the efavirenz 

pharmacokinetics was far less with a CV% below 30% (Csajka et al., 2003; Marzolini 

et al., 2001; Pereira et al., 2008; Stahle et al., 2004).  Various factors such as 

environmental (drug-drug interactions, drug-food interactions, recreational drug 

intake), physiological (gender, age, disease states and pregnancy), and genetic 

factors (polymorphisms and mutations) can contribute to this inter-patient variability 

(Adkins et al., 1998; Cressey et al., 2007; Ekhart et al., 2009; Stocrin, 2004; Telenti 

et al., 2008).  Gender was shown not to affect clearance (CL), volume of distribution 

(V) and bioavailability of efavirenz in adults (Burger et al., 2006; Csajka et al., 2003; 

Pfister et al., 2003; Ngaimisi et al., 2010).  Controversial opinions exist on whether 

the multidrug-resistance transporter (MDR1) gene that encodes for P-glycoprotein 

(efflux transporter) is associated with altered efavirenz plasma concentrations 

(Winzer et al., 2003; Tsuchiya et al., 2004; Haas et al., 2004; Ngaimisi et al., 2010).   

2.4.3 Therapeutic Drug Monitoring (TDM) and the Pharmacokinetics 
of Efavirenz in Children  

Reviews focusing on the role of TDM to optimise ARV therapy were in consensus 

that most of the ARVs, specifically the NNRTIs and PIs were considered candidates 

for TDM, refer to § 2.3.3 (Aarnoutse et al., 2003; Acosta et al., 2002; Back et al., 

2002; Back et al., 2006; Kappelhoff et al., 2004; Csajka et al., 2003). However, the 

TDM of ARV does not form part of routine clinical practice in most countries and it 

was not recommended as a requirement in the most recent guidelines released by 

the International Aids Society, USA panel (Thompson et al., 2010).  In the 

Netherlands, TDM programs are used more regularly with a strict protocol in which 

plasma levels of ARVs are routinely and frequently monitored in specific participating 

hospitals (Kappelhoff et al., 2005a). 

The TDM of efavirenz in adults has been investigated extensively (Khoo et al., 2006; 

Lopez-Cortes et al., 2005; Marzolini et al., 2001; Pereira et al., 2008; Stahle et al., 

2004).  Most of these studies have used mid-dosing sampling times.  Marzolini and 

co-workers (2001) proposed the first suitable target to be between 1-4 ug/ml, when 

sampling 8 to 20 hours post last dose and when updated guidelines support that the 

Cmin is above 1 ug/ml (la Porte et al., 2006).   
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Successful therapeutic drug monitoring relies on accurate, selective and sensitive 

analytical methods to quantify the specific drug(s) in question.  Numerous analytical 

methods to determine efavirenz in plasma were developed and published since 

1999.  Analytical reviews have also focused on the various developed analytical 

methods to determine efavirenz in plasma (Saint-Marcoux et al., 2007).  The majority 

of developed methods incorporated liquid chromatography coupled with mass 

spectrometry (LC-MS/MS) due to its superior specificity and sensitivity (Colombo et 

al., 2005; Egge-Jacobsen et al., 2004; Fan et al., 2002; Ghoshal et al., 2003; Koal et 

al., 2005; la Porte et al., 2006; la Porte et al., 2009; Mutlib et al., 1999a; Mutlib et al., 

1999b; Rentsch, 2003; Rouzes et al., 2004; Volosov et al., 2002).  Alternative 

analytical methods that involved high performance liquid chromatography (HPLC) 

with UV detection (Dailly et al., 2004; Marzolini et al., 2000; Mogatle et al., 2009; 

Rezk et al., 2006; Saras-Nacenta et al., 2001) or gas chromatography-mass 

spectrometry (GC-MS) were also published (Lemmer et al., 2005).  A rare 

immunoassay detection method was also published (Roucairol et al., 2007). 

Several studies have shown that saliva drug levels can be used to estimate the 

unbound / free drug concentration in the plasma of several drugs, for example: 

theophylline, anticonvulsants (phenytoin, carbamazepine, and phenobarbital), 

digoxin, salicylic acid, acetaminophen and nevirapine (Kopecky et al., 1997; van 

Heeswijk et al., 2001).  Indinavir saliva levels have been used to monitor patient 

compliance (Wintergerst et al., 2000).  A recent LC-MS/MS method published by 

Theron et al. (2010) from our department, established a novel and robust screening 

method that is sensitive and specific to detect low concentrations of efavirenz in the 

saliva of patients on ARV treatment.  This is a non-invasive sampling method and 

small volumes (100 µl) of saliva are required in the process of using it as a possible 

screening tool for monitoring efavirenz compliance.  However, it has not yet been 

established whether saliva drug concentrations of efavirenz would be an accurate 

estimate of the unbound drug concentration in the plasma.  If saliva efavirenz levels 

can be correlated with the plasma efavirenz levels, then it would simplify the 

determination of whether the patient has adequate efavirenz plasma levels, due to 

easier sample collection and no specialized training needed for the staff (Theron et 

al., 2010).  
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Studies on the pharmacokinetic properties of efavirenz in children are few and 

involve small subject numbers.  In the performed studies and future studies to be 

performed, Pharmacokinetic variability will affect treatment outcomes and it will 

depend on various factors.  Furthermore differences between study cohorts include 

different ethnic populations (genetic differences), sample sizes, selected 

doses/regimens/formulations and duration of follow-up (Wintergerst et al., 2008). 

Table 2.4 provides a summary of efavirenz pharmacokinetic parameters investigated 

in children since 1997, obtained with conventional pharmacokinetic studies 

compared to Table 2.9, which is a summary of clinical studies in which the efavirenz 

population pharmacokinetic parameters have been modelled with programs such as 

NONMEM in both adults and children. 

It has been reported that the dosage of efavirenz liquid formulations in children 

needs to be increased (20% higher with liquid dose) due to the poorer bioavailability 

of the liquid formulation (Starr et al., 2002; Wintergerst et al., 2008; ter Heine et al., 

2008).  Starr and co-workers (2002), reported that the AUC in children on liquid 

efavirenz is 198 µM/l/h compared to 218 µM/l/h in the children on efavirenz capsules 

(Starr et al., 1999; Starr et al., 2002).   

The Paediatric AIDS Clinical Trials Group (PACTG) study 382 was one of the first 

studies to investigate the pharmacokinetics of efavirenz in children and the results 

were reported in the Sustiva and Stocrin patient information leaflets.  PACTG 382 

was an open-label, phase I/II, AUC controlled study investigating the 

pharmacokinetics, safety, tolerability and antiviral activity of efavirenz in combination 

with nelfinavir and a NRTI.  It was conducted at 18 sites and enrolment commenced 

in October 1997 and the pharmacokinetic data of 50 children at weeks 2 and 6 after 

commencing on the drug was available (Starr et al., 1999).  Efavirenz daily dosages 

were allometrically scaled to body size according to the following formula: 

Efavirenz (mg/day) = (weight (kg)/70)0.7 x 600.  The doses were then rounded to the 

nearest 25 mg.   

Other paediatric dosing schedules used in some of the other studies were in line with 

the recommended dosages as reflected by the manufacturer’s product information 

leaflet (Stocrin, 2004; Sustiva, 2005) as shown in Table 2.5. 
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Table 2.4:  Summary of efavirenz pharmacokinetic parameters derived from studies performed in children  

Reference mg/kg/day AUC Cl/F Cmin (mg/l) Mid-dose 
level  (mg/l) t½ (h) V (l) Nationality 

CYP2B6 
516G>T 

frequency 
Age years 

(range) n 

Sustiva 
PACTG 382 

*15.4 *58 ± 45.4 
mg*hr/ l 

*0.34  
± 0.16 l/h/kg 

*1.7 ± 1.5    9   White 
33 Black 
15 Hisp. 

 *8 (3-16) 48 

Starr et al., 
2002 
PACTG 382 

*15.7 
Liquid 

*198 uM/l/h      3   White 
11 Black 
5   Hisp. 

#5.3  
(3.1-9.6) 

19 

Von Hentig 
et al., 2006 

#12.3   
(10.2-15.6) 

*63.6 mg*hr/l *97  (73-120) 
ml/min 

0.08 l/h/kg 

*1.3  
(0.89-1.7) 

 *12.93 
(11.4-14.5) 

*100.5 
(58-142) 

German #8.7  
(4.3-12) 

11 

Ren et al., 
2007 

#13.9  
(13.7-14.5) 

   *1.58   
(0.67-2.2) 

  Black #6.83 
 (5.4-9.1) 

15 

Saitoh et al., 
2007 
 

(Weight/70)0.7 
x 600 

 T/T  3.0 l/h/m2 
G/T  5.7  
G/G 7.0 

    8   White 
46 Black 
16 Hisp. 

1   Am.Ind. 

T/T 17%  
G/T 39%  
G/G 44% 

#6.2  
(4.3-9.2) 

71 

Wintergerst 
et al., 2008 

13.3  
(9.7-22.5) 

 #0.3  
(0.07-1) l/h/kg 

 #2.8  
(0.13-11.6) 

  24 White 
7   Africans 
2   Asian 

 #8.2  
(2.1-16.7) 

33 

Puthanakit 
et al., 2009 

*12 (1.6)    *3.14 (3.3) 
T/T  11.6 
G/T  2.6 
G/G 1.6 

  Thai T/T  11% 
G/T  41% 
G/G 48% 

#12.3  
(3.1-18.7) 

63 

Viljoen et 
al., 2010 

*13.9 (1M) 
(13.4-14.5) 
*13.7 (3M) 

(13.3-14.04); 
*13.4 (6M) 
(13.1-13.7) 

   #1.86 (1M) 
(0.21-9.11) 
#1.62  (3M) 
(0.55-10.7) 
#1.84 (6M) 

(0.14-10.46) 

  Blacks  *6.8  
(3-14) 

60 

Fletcher et 
al., 2008 

 #60 mg*hr/l 
(W2+W56) 

#0.19 l/h/kg W2
#0.23 l/h/kg W56
*0.21 l/h/kg W2

*0.26 l/h/kg W56 

#1.45   W2 
#1.30   W56 

   Burkina 
Faso 

 *7.9  
(3-16) 

50 W2 
34 W56 

#  median    *mean; Hisp.=Hispanic; Am.Ind. = American Indian;  1M=1 month post HAART; 3M=3 months post HAART ; 6M=6 months post HAART; W2=2 weeks post HAART; W56=56 weeks post HAART  

33  
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Table 2.5:  Paediatric dosing recommendations of efavirenz (Sustiva® and Stocrin®) 

Body weight (kg) Efavirenz dose (mg) / daily 

13 to < 15 200 

15 to < 20 250 

20 to < 25 300 

25 to < 32.5 350 

32.5 to < 40 400 

 > 40 600 

The efavirenz dosing as proposed by the South African National Department of 

Health – Guidelines for the management of HIV-infected children - published in 

2005, differed slightly from the dosing as suggested by the manufacturer, refer to 

italic and bold printed values in Tables 2.5 and 2.6.  The 2005 guidelines were 

implemented at the Harriet Shezi Children’s Clinic for the complete duration of the 

clinical trial PK.PD/EFV.07 (refer to Table 2.6). 

Table 2.6:  Paediatric dosing of efavirenz according to the guidelines of the South  
 African DoH (NDoH, 2005, 2010) 

South African DoH guidelines (2005) South African DoH guidelines 
(2009/10) 

Body weight (kg) Efavirenz dose 
(mg) / daily 

Body weight 
(kg) 

Efavirenz dose 
(mg) / daily 

10 - 14.9 200 10 - 13.9 200 

15 - 19.9 250 14 - 19.9 250 

20 - 24.9 300 20 - 24.9 300 

25 - 32.9 350 25 - 29.9 350 

33 - 40 400 30 - 39.9 400 

> 40 600 > 40 600 
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The findings of various studies investigating efavirenz plasma concentrations in 

children suggested that the high prevalence of sub-therapeutic efavirenz plasma 

concentrations in children might be an indication that efavirenz could be under-dosed 

in a number of paediatric patients. Sub-therapeutic efavirenz concentrations may 

result in the rapid emergence of NNRTI resistant mutants and treatment failure (Ren 

et al., 2007; ter Heine et al., 2008; von Hentig et al., 2006).  The percentage of 

efavirenz plasma concentrations within the recommended target interval (AUC (60-

120 mg/l) and mid-dose or Cmin (1-4 µg/ml) was not very encouraging in several 

studies.  The within target percentages reported were 50, 47, 36, 66, 66, 71 and 58% 

in several paediatric studies (Fletcher et al., 2008; Ren et al., 2007; von Hentig et al., 

2006; ter Heine et al., 2008; Hirt et al., 2009; Puthanakit et al., 2009; Viljoen et al., 

2010).   

CL is an important pharmacokinetic parameter that can also contribute to variability.  

Various published CL values of efavirenz are reflected in Tables 2.4 and 2.9.  Mean 

efavirenz clearance (CL/F) values in children varied between 0.26 (Fletcher et al., 

2008), 0.30 (Wintergerst et al., 2008), 0.19 (ter Heine et al., 2008) and 0.21 l/h/kg 

(Hirt et al., 2009).  In adults, CL was slower and varied from 0.13 – 0.17 l/h/kg (8.82 

to 11.7 l/h) (Pfister et al., 2003; Csajka et al., 2003; Kappelhoff et al., 2005a; 

Kappelhoff et al., 2005b; Ribaudo et al., 2006; Cabrera et al., 2009).  The influence 

of genetics (CYP2B6 516G>T) on the CL value of efavirenz is addressed under § 

2.4.4.2.  The influence of the different covariates on population pharmacokinetic 

parameters such as CL will be discussed in more depth in § 2.4.6.2.   

As stated previously, TDM does not form part of routine clinical practice in most 

countries, but with the large inter-individual variation in children, the need to monitor 

efavirenz in the paediatric population is considered to have become more crucial 

(Back et al., 2006; Fraaij et al., 2004).  The TDM of efavirenz was proposed as a 

useful tool for the optimisation of therapy in children and adults and to monitor 

adherence (Aarnoutse et al., 2003; Back et al., 2002; Back et al., 2006; Fraaij et al., 

2003; Fraaij et al., 2004; Marzolini et al., 2001).   



Chapter 2: Literature Review 
 

36 
 

2.4.4 Pharmacogenetics 

Pharmacogenetics is the study of the genetic basis of an individual for variation in 

drug response.  With the advanced technology currently available in genomics, a 

reverse genetic genotype-to-phenotype approach is feasible, in which genetic 

polymorphisms can serve as the starting point to assess whether genomic variability 

translates into a phenotypic variation.  Polymorphism can be defined as a variation in 

the DNA sequence that is present in an allele frequency of 1% or greater in a 

population.  In the human phenotype two major types of sequence variation have 

been identified: single nucleotide polymorphisms (SNPs) and indels 

(insertion/deletions) (Relling et al., 2006).  SNP is a DNA sequence variation that 

occurs when a single nucleotide (adenine (A); thymine (T); cytosine (C) and guanine 

(G)) in a species specific genome sequence differs between members of that 

species.  An allele can be defined as one of two or more alternate forms of a gene 

and is characterized by a single SNP or by a haplotype.  Haplotype on the other 

hand, is collections of SNPs in one chromosome that is linked to each other or 

occurs together in individuals (Telenti et al., 2008). 

Genetic polymorphisms and variations on the level of CYP P450 enzymes, other 

drug-metabolising enzymes and transporters (efflux transporters) are the main 

pharmacogenetic sources of inter-individual variations in drug metabolism (Nguyen 

et al., 2000). 

The MDR1 C3435T polymorphism responsible for coding P-glycoprotein (efflux 

transporter) was associated with immune recovery.  The MDR1, 3435T/T genotyped, 

patients showed a greater rise in CD4-cell count compared to the C/T and C/C 

genotypes at 6 months post ART initiation (Fellay et al., 2002).  However, different 

research groups reported conflicting results (Cressey et al., 2007).   

The literature review will now primarily continue to focus on the impact of CYP2B6 

polymorphisms on efavirenz metabolism. 

2.4.4.1 Cytochrome P450 enzymes and CYP2B6 

The CYP P450 isoenzymes are the most intensely studied of all the xenobiotic 

metabolising enzymes as they are collectively responsible for the majority of phase I 
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biotransformations of drugs and other xenobiotics (Gonzalez et al., 2006; Telenti et 

al., 2008).   

CYP P450 isoenzymes comprise of a large multi-gene family of hemethiolate 

proteins that are important in the metabolism of various xenobiotics and endobiotics 

(Ekins et al., 1999; Lang et al., 2001).  The main focus for researchers in the field of 

drug metabolism was for a very long time focused on the human CYP3A, CYP2D, 

CYP2C and CYP1A subfamilies. The subgroup CYP3A in particular had been 

extensively investigated and is the most abundant of the P450 family of enzymes in 

the liver and intestine and among the most important of all of the human-drug 

metabolising enzymes (de Wildt et al., 1999; Wilkinson, 1996).  CYP2B6 was 

regarded to be of less importance in drug metabolism and only gained more 

attention later when it was shown to be significantly involved in the metabolism of a 

number of clinically important drugs, including bupropion, coumarin, 

cyclophosphamide, diazepam, efavirenz, halothane, ifosfamide, methadone, 

nevirapine, nicotine, promethazine, tamoxifen, temazepam, and valproic acid (Ekins 

et al., 1999; Lang et al., 2001; Ward et al., 2003). 

The CYP2B6 gene is located on chromosome 19 (between 19q12 and 19q13.2) and 

spans over a region of approximately 28 kb, it consists of 9 exons which encode for 

a protein with 491 amino acids, refer to Figure 2.3 (Hoffman et al., 2001; Lang et al., 

2001; Yamano et al., 1989). 

CYP2B6 is mainly expressed in hepatic tissue, but extra-hepatic expressions at 

lower levels were found in the kidneys, intestine, lungs, uterine endometrium, 

broncho-alveolar macrophages and peripheral blood lymphocytes (Ekins et al., 

1999).  The CYP2B6 gene is highly polymorphic and genotyping for functional SNPs 

was the focus of various studies.  The first systematic investigation of genetic 

polymorphisms in the CYP2B6 gene was published in 2001. The most common SNP 

reported in this group of 215 healthy Caucasian was 785A>G, with an allele 

frequency of 32.6%. Other mutations reported in this group of healthy Caucasians 

were C64T, G516T, C777A and C1459T at frequencies of 5.3%, 28.6%, 0.5% and 

14% respectively (Lang et al., 2001).  More than 50 alleles of this gene have since 

been identified and described.  The variant CYP2B6 516G>T, Gln172His, c.516G>T, 

located in exon 4 is also a common polymorphism and a marker of several 
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haplotypes such as CYP2B6*6; *7; *9; *13; *19; *20; *26 and *29. 

(http:/www.cypallelles.ki.se/cyp2b6.htm).   

 
Figure 2.3: Ideogram CYP2B6 gene and cytogenetic coordinates 19q13.2 taken 

from http://www.ncbi.nlm.nih.gov/mapview/maps. 

2.4.4.2 CYP2B6 G516T polymorphism and efavirenz pharmacokinetic variability 

One of the first pharmacogenetic studies to report on the altered efavirenz 

metabolism associated with SNPs in the CYP2B6 gene was the Adult Aids Clinical 

Trials Group (AACTG) A5097s study.  The CYP2B6 516TT genotype was associated 

with significantly greater efavirenz exposure due to lower clearance of the drug in 

African-Americans compared to Caucasians; the T/T genotype was 20% and 3% 

respectively.  These inter-individual differences in the metabolism may in part be the 
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reason for central nervous system side effects associated with higher efavirenz 

plasma concentrations in African-Americans (Haas et al., 2004).  In another 

publication related to studies A5095 and A5097s, the median estimated efavirenz 

half-lives were 23, 27 and 48 hours in adult patients genotyped as G/G, G/T and T/T 

respectively, at codon 516 of the CYP2B6 gene (Ribaudo et al., 2006). 

Numerous studies then followed, reporting that the CYP2B6 516G>T-allelic variant 

was consistently associated with reduced enzyme activity and elevated efavirenz 

plasma levels in different ethnic populations (Cohen et al., 2009; Gatanaga et al., 

2009; Kwara et al., 2009; Leger et al., 2009; Puthanakit, et al., 2009; Ramachandran 

et al., 2009; Rodriguez-Antona et al., 2000; Rotger et al., 2005; Rotger et al., 2007; 

Saitoh et al., 2007; Tsuchiya et al., 2004; Wyen et al., 2008).   

The overall reported allelic variant frequencies of CYP2B6 516G>T have generally 

been reported as high, regardless of race or ethnic background, although some of 

the earlier studies tend to show higher allelic variants in African-Americans 

compared to Caucasians and Asians (Haas et al., 2004; Lang et al., 2001; Tsuchiya 

et al., 2004).   

The T-allelic variant frequency at codon 516 in different ethnic populations (refer to 

Table 2.7) was 38% in African-Americans (Haas et al., 2004), 21% in Caucasians 

(Haas et al., 2004), 26% in the Swiss cohort (Rotger et al., 2005), 26% in Whites, 

28% in African-Americans, and 49% in Ghanaians (Klein et al., 2005), 34% in Blacks 

(Wyen et al., 2008), 29% in Caucasians (Wyen et al., 2008), 45% in Ghanaians 

(Kwara et al., 2009), 44% in South Indians (Ramachandran et al., 2009) and most 

recently 32% (Cohen et al.,2009) and 43% (Gounden et al., 2010) in South African 

black adults.   

An analysis of the CYP2B6 516G>T polymorphism in children were investigated and 

reported on by 3 research groups.  Genotyping results from Saitoh and co-workers 

(2007), reported 44% G/G, 39% G/T and 17% T/T.  The 516 T-allelic variant 

frequency was 44% in white non-Hispanic (n=8), 36% in black non-Hispanic (n=46) 

and 34% in Hispanic children (n=16), within this group of children participating in the 

PACTG 382 study.  They found no difference among the 3 genotypes with regard to 
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gender, race/ethnicity and age.  The overall 516 T-allele frequency in the whole 

cohort was 36% (Saitoh et al., 2007).   

 

Table 2.7: Reported frequencies of the T-allelic variant at codon 516 on the 

CYP2B6 gene in different ethnic groups 

Reference Black 
descent Caucasian Hispanic Asian 

Descent 
not 

specified 

Haas et al., 2004 38% 21%    

Rotger et al., 2005     26% 

Klein et al., 2005 
CYP2B6*6 

28% A-A 
49% G 

26%  18% J 
16% T 
16% K 

 

Rodriguez-Novoa et 
al., 2005 

  27% S   

Wyen et al., 2008 34% 29%    

Saitoh et al., 2007 36% 44% 34%   

Ramachandran et 
al., 2009 

   44% SI  

Cohen et al., 2009 32%     

Puthanakit et al., 
2009 

   31.75% TL  

Kwara et al., 2009 45% G     

Gounden et al., 
2010 

43%     

CYP2B6*6 (G516T and A785G) A-A: African-Americans; G: Ghanaians; J:Japanese; T: Tawanese; K:Koreans;  SI:South 
Indians; TL: Thai 

In a Dutch cohort of 33 children, the genotyping results were 33%, 46% and 21% for 

the respective G/G, G/T and T/T genotypes (ter Heine et al., 2008).   

Puthanakit and co-workers (2009), reported that the genotyping of CYP2B6 516G>T 

in 63 Thai children is, 48% (G/G), 41% (G/T), 11% (T/T) and the 516 T-allelic variant 

frequency was 31.75%.  In all of these studies it was shown that the CYP2B6 516T/T 

genotype was associated with elevated efavirenz plasma concentrations.  
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Studies reporting on measured efavirenz plasma concentrations at mid-dose interval 

in conjunction with the three genotypes (CYP2B6 516 G/G, G/T and T/T) are 

summarised in Table 2.8. 

Table 2.8: Plasma efavirenz concentrations determined at mid-dose interval for 

CYP2B6 516 G/G, G/T, T/T genotype groups 

 CYP2B6 
516 G/G 

CYP2B6 
516 G/T 

CYP2B6 
516 T/T 

Population  
description  
number of 

participants (n) 
Reference 

 Efavirenz plasma 
concentrations µg/ml   

Median 
 1.74 2.60 3.57 

Spanish adults 
n=100 
Cross sectional 

Rodrigues-
Novoa et al., 
2005 

Median 
 1.779 2.299 6.248 

Black and 
Caucasian adults 
n=174 

Wyen et al., 
2008 

Median 
 1.60 2.10 5.90 Black South African 

adults n=142 
Cohen et al., 
2009 

Median 
 1.282 1.560 8.320 Ghanaian adults 

n=65 
Kwara et al., 
2009 

Mean 
 1.604 2.635 11.582 Thai children n=63 

Cross sectional 
Puthanakit et 
al., 2009 

Median 2.260 3.858 7.136 Black South African 
adults n=80 

Gounden et 
al., 2010 

 

Lang and co-workers (2001), reported that the G516T mutation was never found 

alone in their study population (healthy Caucasians), but always in combination with 

other mutations such as C64T, A785G and C1459T.  Subsequent research papers 

were published reporting on CYP2B6 516G>T in combinations with other mutations 

on the CYP2B6 gene such as A785G and T983C (Haas et al., 2009; Leger et al., 

2009; Nyakutira et al., 2008; Tsuchiya et al., 2004; Wyen et al., 2008).  In all of these 

reports, the various polymorphisms in linkage disequilibria with 516G>T were 

associated with increased plasma efavirenz concentrations.  

The individual CL values of efavirenz in poor, intermediate and fast metabolisers 

(516 T/T; G/T, G/G genotypes respectively), were reported as 0.06, 0.10, 0.13 and 
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0.14, 0.26, 0.32 l/h/kg for Zimbabwean adults (n=74) and children (n=71) from mixed 

races respectively (Nyakutira et al., 2008; Saitoh et al., 2007).  It is shown again that 

the CL of efavirenz in children is faster than in adults, even when the influence of 

CYP2B6 516G>T is taken into consideration.  

Studies reporting on the association of efavirenz plasma levels and other CYP2B6 

polymorphisms (not involving codon 516) and haplotypes were also published but 

are not further discussed here (Rotger et al., 2007; Wang et al., 2006; Wyen et al., 

2008).  

2.4.5 Pharmacodynamics of Efavirenz 

The efficacy and safety of efavirenz have been investigated and were well 

established in numerous clinical trials (Gulick et al., 2004; Riddler et al., 2008; Ruiz, 

1999; Scherpbier et al., 2007; Starr et al., 1999; Staszewski et al., 1999; van Leth et 

al., 2004a; van Leth et al., 2004b; van Leth et al., 2004c).  Efavirenz-based regimens 

are often preferred because of well established efficacy, excellent potency, 

convenience (daily dose), better tolerated and because they are less associated with 

long-term metabolic toxicity compared to PI-based regimens (Gulick et al., 2004; 

King et al., 2009a; Riddler et al., 2008; Staszewski et al., 1999).  The only 

disadvantage of efavirenz-based regimens is the low genetic barrier to resistance.  

Failure of NNRTI-based regimens is often coupled with NNRTI resistance, and for 

this reason PI-based regimens may be preferred in patients who are judged more 

likely to be non-adherent.  However, efavirenz-based regimens are considered to be 

the golden standard to which other antiretroviral regimens are compared (King et al., 

2009a; Riddler et al., 2008). 

2.4.5.1 Side effects and efficacy of efavirenz in combination therapy  

PACTG 382 was one of the first studies to test the safety and efficacy of a then novel 

combination of efavirenz, nelfinavir and one or more NRTIs in children with ages 

ranging from 3.8 to 16.8 years.  Fifty-seven (57) children were enrolled between 

October 1997 and February 1998 and they were monitored for 48 weeks.  Prior to 

the enrolment, 55 of these children were already receiving one or more NRTI, but 

none were previously exposed to NNRTIs or PIs.  They reported that the most 



Chapter 2: Literature Review 
 

43 
 

common side effects (moderate severity) associated with treatment were rash (30% 

of children), diarrhoea (18%), neutropenia (12%), and biochemistry abnormalities 

(12%).  One (2%) life-threatening side effect of neutropenia was reported in a child 

who also had a concurrent varicella-infection.  Central nervous system (CNS) side 

effects were uncommon, but dizziness or light-headedness was recorded (8/57, 

14%) and it subsided once the efavirenz was administered at bedtime and not in the 

morning as per the original study protocol.  Treatment was discontinued in 25% 

(14/57) of the children due to various reasons.  Discontinuation of treatment was due 

to moderate rash (7%, 4/57), severe rash (2%, 1/57) and virological failure (11%, 

6/57) as stated per their protocol.  Other reasons included ineligibility to inclusion 

criteria (2%, 1/57), non-ability to take capsules (2%, 1/57) and non-compliance (2%, 

1/57) (Starr et al., 1999).    

Efavirenz-based regimens are generally well tolerated by HIV-infected children with 

few side effects such as rash, while less fever and less frequent CNS symptoms 

were reported (Starr et al., 1999; Starr et al., 2002).  Adverse events were visible in 

28% (8/33) of children in a German cohort (Wintergerst et al., 2008).  Rash (16%, 

10/63), CNS disturbances (22%, 14/63) and psychiatric problems (8%, 5/63) were 

evident in Thai children during the first few weeks post HAART (Puthanakit, et al., 

2009).  In a South African paediatric population, none stopped efavirenz-based ART 

during the first 6 months post ART commencement due to reported side effects.  A 

few side effects, such as nightmares (7%, 4/59), insomnia (2%, 1/59), rash and 

abdominal cramps were reported during the first month post-ART initiation.  Low-

grade transaminitis occurred in 11% (6/56) of the children 6 months post ART 

commencement (Viljoen et al., 2010).  

The well cited target range of efavirenz plasma concentrations between 1000–4000 

μg/L (1-4 μg/ml) at mid-dosing interval was adopted (Marzolini et al., 2001), together 

with the Cmin not below 1 μg/ml (la Porte et al., 2006), as guidelines for the 

monitoring and controlling of efavirenz plasma concentrations.  Marzolini and co-

workers (2001), reported that virological failure was observed in 50% of patients with 

efavirenz plasma levels of <1 μg/ml and the reversible CNS toxicity was 

approximately three times higher in patients with efavirenz levels of >4 μg/ml.  Haas 

and co-workers (2004), further confirmed and established that the CYP2B6 G516T 
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variant was more common in African-Americans than in European-Americans and 

was associated with greater efavirenz plasma exposure and a plausible explanation 

for their susceptibility to efavirenz CNS side effects.  Various other studies have also 

reported on the association of CNS side effects and higher efavirenz plasma 

concentrations in adults and children on efavirenz-based regimens (Cohen et al., 

2009; Gounden et al., 2010; Gutiérrez et al., 2005; Puthanakit et al., 2009; 

Ramachandran et al., 2009; Rotger et al., 2005; Gatanaga et al., 2007; Gatanaga et 

al., 2009). 

2.4.6 Population Pharmacokinetics of Efavirenz  

2.4.6.1 Non-linear mixed effects model (NONMEM) 

NONMEM is a program developed by the NONMEM project Group for estimating 

population pharmacokinetic parameters.  It is written in FORTRAN and designed to 

fit general statistical (non-linear) regression-type models to data. NONMEM 

incorporates mixed effects (fixed and random) regression to estimate the various 

population means and variances of the relevant pharmacokinetics parameters and it 

can identify covariates that may influence these parameters (Beal et al., 1998).  

Sheiner and Beal from the University of California, San Francisco first introduced 

population pharmacokinetics in 1977.  The advances in data analysis during the 

1980s have opened up more comprehensive approaches, greater potential with 

more possibilities and applications (Whiting et al., 1986; Barrett et al., 2005).  

Simulation and modelling of clinical trial data has evolved significantly, it is being 

used as a predictive tool and proved very useful for optimum dose selection, 

hypothesis-generating purposes and optimisation of study designs.  The 

Pharmaceutical industry also makes extensive use of simulation data derived from 

the pharmaceutical development phase and this contributes to the accelerated 

approval and labelling of drugs, especially in the field of antiretroviral agents (Holford 

et al., 2000; Barrett et al., 2005). 

A crucial advantage of using NONMEM is that sparsely collected data can be used 

to generate population pharmacokinetics (Beal et al., 1998).  The future of population 

pharmacokinetics and pharmacodynamics for ARVs could evolve even more and 
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extend into the prediction of more effective drug candidate selection and the 

prediction of means to project specific therapeutic outcomes in individuals.  The 

other benefit of modelling and simulation strategies is the support and enhancement 

of the development and quicker registration of newer ARVs (Barrett et al., 2005).     

2.4.6.2 Population pharmacokinetics of efavirenz in adults and children 

The objectives of population pharmacokinetics are to characterize the main 

population pharmacokinetics parameters, CL and V of a specific drug and to identify 

the influence of various important covariates such as: gender, age, race group 

(genetic variation), weight, height and drug interactions that may be responsible for 

the variability in the drug exposure and response within the patient population.  

Pharmacodynamic explorations can be performed with population pharmacokinetics 

relevant to ARVs to investigate the relationship between the plasma ARV 

concentrations and treatment failure, time to virological failure, prediction of clinical 

failure and side effects (Barrett et al., 2005). 

Several population pharmacokinetic analyses of efavirenz in HIV-infected patients 

have been undertaken and published. The efavirenz population pharmacokinetic 

estimates and models where NONMEM was utilised are summarised in Table 2.9.  

The results of these studies mostly pertain to investigations in adults with some 

varying results that are discussed herewith. The influence of race and genotyping 

were the most profound in most of these studies. 

Barret and co-workers (2002), described a two-compartment model for the 

population pharmacokinetics of efavirenz in a meta-analysis consisting of 16 Phase I 

studies in healthy adult volunteers (single and multiple doses) by using NONMEM.  

The CL of efavirenz after multiple dose administration was 10.2 l/h, but this was 

influenced by race and gender.  CL was lower in Asians and Blacks than in 

Caucasians and the CL in the females was also slightly lower (9.08 l/h vs. 10.2 l/h) 

than in the males (Barrett et al., 2002).    

Pfister and co-workers (2003), reported that race influences CL, but not gender.  The 

hepatic clearance of efavirenz in white adults (non-Hispanics) was 28% higher than 

in the African American and Hispanics (P=0.03). For the efavirenz population PK 

analysis, plasma measurements at 16, 24 and 48 weeks post-study treatment were 
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taken where permitted.  Population PK measurements were spread out to ensure 

that not all samples were taken at the same time post dosing (Pfister et al., 2003). 

Csajka and co-workers (2003), concluded that no covariates (sex, height, age) or co-

administration of antiretroviral drugs influenced the pharmacokinetics of efavirenz 

statistically in adults.  A large inter-patient variability (CV, 54.6%) was reported to 

affect efavirenz’s relative bioavailability but the intra-patient variability was relatively 

small (CV, 26%).  The median number of plasma measurements per patient was 2 

(range 1-12 over the 28 month period) and they further included full concentration-

time profiles to be drawn between 0.3 and 20 hours post-last dose in 7 patients.  No 

correlation was found between the population-based average (Cav) efavirenz 

concentrations and side effects and CD4-cell counts.  A significant inverse 

correlation was found between the Log Cav and the log viral load (post-3 months of 

therapy).  A significant association was also reported between the Cav and viral 

suppression (64% of patients ≤ 400 copies/mm3) for the entire duration of the study.  

Kappelhoff and co-workers (2005), reported in their adult study that Asian race and 

baseline total bilirubin had a significant correlation with the bioavailability of efavirenz 

in the basic model.  This however should be interpreted with caution, as the 

reduction in the minimal objective function value (OFV) and inter-individual variability 

in the final model was limited (Kappelhoff et al., 2005a). 

In the 2NN study by Kappelhoff and co-workers, which included HIV-1-infected adult 

patients from several sites in Europe, SA, Canada, USA, Argentina, Brazil, Australia 

and Thailand, the reported concomitant use of nevirapine increased the clearance of 

efavirenz by 43%.  Efavirenz clearance from Thai patients was 53% higher 

compared to patients from SA and South America and 76% higher compared to the 

Western countries (Kappelhoff et al., 2005b). 

Ter Heine and co-workers (2007), investigated the population pharmacokinetic of 

efavirenz in children.  They reported that the CYP2B6 genotype and drug 

formulation (oral liquid, tablets or capsules) significantly influenced the 

pharmacokinetics of efavirenz.  The presence of the CYP2B6 516GG genotype in 

this population resulted in a 50-70% probability of them developing sub-therapeutic 
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trough levels, with only a 1-3% probability of being exposed to trough levels of >4 

mg/l (ter Heine et al., 2008). 

Cabrera and co-workers (2009), developed a population pharmacokinetic model 

from TDM data in 131 HIV-infected adult patients.  They investigated the effects of 

sex, age, total body weight, height, BMI, HIV treatment and in a smaller subgroup 

they also investigated the genetic polymorphisms of CYP2B6, CYP3A4 and MDR1.  

The presence of the 516 T/T and G/T polymorphisms resulted in lower efavirenz 

clearances of 50% and 75% respectively, compared to clearance values observed in 

the 516 G/G genotyped patients (Cabrera et al., 2009). 

Hirt and co-workers (2009), reported a mean CL/F value of 0.211 l/h/kg and a V/F 

value of 4.48 l/kg in West African children and that CL decreased significantly with 

age.  

Two other studies, not reflected in Table 2.9, also analysed the population 

pharmacokinetics of efavirenz in adults but they utilised different software models 

than NONMEM.  Villani and co-workers (1999), estimated the CL/F of efavirenz as 

0.18 ± 0.072 l/h/kg when administered as mono-therapy and 0.16 ± 0.072 l/h/kg when 

administered in combination with nelfinavir in 22 adults with a 2-compartment model 

(Villani et al., 1999).  Ribaudo and co-workers (2006), assumed a 1-compartment, 

open, mixed-effect model with first-order absorption (NLME) and reported an 

estimated CL/F of 0.15 l/h/kg (10.7 l/h) and the median efavirenz half-lives as 23, 27 

and 48 hours in 152 adult patients with the 516 G/G, G/T and T/T genotypes 

respectively, P<0.001 (Ribaudo et al., 2006). 
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Table 2.9:  Summary of efavirenz population pharmacokinetic parameters in adults and children in different ethnic groups 

Reference Population Daily 
Dose (mg) CL/F (l/h) CV

% V/F (l) CV
% Ka (h-1) CV

% t½ h Model CYP2B6
516G>T 

Age 
(years) n 

Pfister et al., 
2003 
AACTG 
398 
 

White (68%)  
Black (16%) 

Hispanic (11%) 
Asian (3%) 

Am.Indian (1%) 
Unknown (1%) 

600 10.8 * 
  
 

42 282* (7.2) 7.9 1.39* (10) 93  Well stirred 
1-compart. 

First-order-abs. 

 40.2* (7.4) 139 

Csajka et 
al., 2003 

White (82%)  
Black (13%) 
Hispanic (%) 

Asian (%) 

600  
800(2) 

9.4*  
(8.7-10.3) 
(95% CI) 

 252*  
(200-326) 
(95% CI) 

 0.3* 19  
(13.2-24.2)
(95% CI) 

1-compart. 
First-order abs. 

38#  
(18-75) 

235 

Kappelhoff 
et al., 2005a 

White (75%)  
Black (15%) 

Hispanic (7%) 
Latino (3%) 

600 
800 (5) 
200-400 

(7) 

11.7*  
(4.4%) 
RSE 

 189*  
(14.6%) 

RSE 

  2-compart.. 
FOCE method 

40#  
(35.6 - 

47.4, IQR) 

172 

Kappelhoff 
et al., 2005b 

  8.82  
(6.9%) 
RSE 

60 418  
(7.6%) RSE 

54 0.287 
(29.3) RSE 

1-compart. 
First-order-abs. 
and elimination 
FOCE method 

35.9* (8.9) 
35.5 (8.8) 

376 
123 

ter Heine et 
al., 2008 

Children Liquid 
Capsules 

13 ** 
(11.5%) 

RSE 

52 424  
(8.9%) RSE

 

40    1-compart. 
FOCE 

TT=21% 
GT=46% 
GG=33% 

6.5# (0.9-
19) 

33 

Nyakutira et 
al., 2008 

Zimbabwean 600 GG - 9.4 
(17%) RSE

GT -7.2  
(16%) RSE

TT - 4  
(19%) RSE 

 150  
(98%) RSE 

 0.18 42% 
(RSE) 

  1-compart. 
First-order-abs.

FOCE-I 
 

TT=27% 
GT=44% 
GG=30% 

39 (7) 58 

Hirt et al., 
2009 

West African 
children 

14.4 mg/kg 0.21 l/h/kg 
(10%) RSE 

 4.48 l/kg 
14% (RSE) 

 0.45 
(23%) RSE 

 14.78 1-compart. 
FOCE 

 6.35#  
(2.8-14.7) 

48 

Cabrera et 
al., 2010 

White 98% 
Black 2% 

600 
400 or 800 

9.5 (4.06% 
SE) 

37 311  
(10.8% SE) 

5 0.3 (fixed)   1-compart. TT=18.8%
GT=28.1%
GG=53.1% 

41.8* (9.1) 131 

* mean values (± SD) # median (range or IQR, inter quartile range); ** allometrically scaled up to 70 kg; CV% coefficient of interindividual variation;  FOCE: first-order conditional estimation method   
FOCE-I: first-order conditional estimation method  with interaction RSE: residual standard error   SE: standard error  CI: confidence intervals 

48 
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3.1 Introduction 

In this chapter, the following will be addressed: 

i) Practical aspects of the clinical trial (PK/PD.EFV.07). 

ii) Study design and population. 

iii) Analytical methods (liquid chromatography mass spectrometry (LC-MS/MS) 

and polymerase chain reaction (PCR) procedures. 

iv) Statistical methods. 

Supporting documents such as Approved Study Protocol (final amended version No. 

8, March 2009), Consent and Case Report forms (CRF) and Ethics Approval are 

included in Addendum A and relevant standard operating procedures (SOPs) are 

included in Addendum B. 

3.2 Practical Aspects of the Clinical Trial (PK/PD.EFV.07) 

3.2.1 Ethics Approval 

The clinical trial (PK/PD.EFV.07): Population pharmacokinetic and 

pharmacodynamic study of efavirenz in HIV-infected children treated with first line 

antiretroviral therapy in South Africa, (Principal Investigator: M Viljoen), was 

approved by the Human Research Ethics Committee (Medical) University of the 

Witwatersrand, Johannesburg (Ethics reference number: 070413) and the Ethics 

Committee of the North-West University, Potchefstroom (NWU-0015-07-A5) in June 

2007 (refer to Addendum A4).  Informed consent was obtained from an 
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accompanying parent or legal guardian and/or assent from the child if he/she was 

older than 6 years.  Parents, legal guardian(s) and study participants were provided 

with detailed information on the proposed study and what was expected from the 

study participant.  Consent took place at the approved research site, Harriet Shezi 

Children’s Clinic, Chris Hani Baragwanath Hospital, Soweto, South Africa, from 17 

June 2007 to 2 March 2008.  The consent process involved the principal investigator, 

study nurse and or nutritionist and a translator.  A translator was always present 

during the procedures if the language medium was an obstacle and if the 

parent(s)/legal guardian(s) chose to have a translator present. 

3.2.2 Funding 

Funding was obtained from the NRF (Thuthuka – Researchers in training (RiT), 

2007-2010), MRC (Self-initiative research grant 2008-2010), North-West University 

(2007-2010) and Drug Development and Research Focus area, School of Pharmacy, 

North-West University (2007-2011).  These funding grants specifically pertained to 

the research aspects of this PhD study. 

These grants also covered two related MSc projects in Pharmacology that were 

successfully completed for which this PhD candidate was the study supervisor: 

i) M du Plooy (2008): Blood levels of selective antiretroviral drugs over a period 

of time in Sprague-Dawley rats. 

ii) A Theron (2009): Plasma and saliva efavirenz levels in an HIV-infected 

paediatric population. 

3.3 Study Design and Population 

3.3.1 Study Design 

This clinical trial (PK/PD.EFV.07) was a clinic-based, non-randomised open label 

study, performed on HIV-1-infected children who were attending the Harriet Shezi 

Children’s clinic on an outpatient basis.  The antiretroviral treatment guidelines and 

regimen of the National Department of Health (NDoH), South Africa, for the 

management of HIV-infected children were followed by the attending clinicians who 
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were consulting with these patients (NDoH, 2005).  No investigational drugs; 

dosages or combinations were used.  Each study participant was monitored and 

included in this study for a minimum period of 24 months (6 study related visits) and 

a maximum period of 30 months (including staging, baseline monitoring and 

screening). 

Study visits were performed at baseline (0 months before commencement on highly 

active antiretroviral treatment - HAART), 1, 3, 6, 12, 18 and 24 months post-HAART 

commencement. 

Baseline visit assessments: 

Physical examination and blood samples for CD4-cell count, CD4%, viral load (VL), 

alanine aminotransferase (ALT), full blood count (FBC), CYP2B6 516G>T 

genotyping and population genotype sequencing for resistance mutations* were 

collected.  The following anthropometric measurements: weight, height, mid-arm 

circumference*, waist circumference*, triceps and sub scapular* skin fold 

thicknesses and general personal background information.  For children older than 9 

years, assessment of Tanner stage* (physical maturity) was also recorded.  

Nutritional status, a 24-hour dietary recall* and general diet* questions were 

recorded by a qualified nutritionist. 

Follow-up visit assessments (1, 3, 6, 12, 18 and 24 months post HAART): 

According to the NDoH guidelines, routine 3-monthly visits for clinical assessments 

were scheduled for all patients attending this clinic, irrespective of their participation 

in this specific study.  Repeat prescriptions for 3 months were issued for the specific 

antiretroviral (ARV) medication and the medicines were dispensed for 2 months and 

then 1 month, if no problems occurred, irrespective of their participation in this study.   

The following information was collected and recorded at the specified follow-up 

visits: 

• Two (2) blood samples (1.5 ml whole blood) were collected via an inserted 

cannula for the pharmacokinetic (PK) analysis.  The exact time of the blood 

                                                           
* Genotype sequencing for resistance mutation investigations, certain anthropometric measurements, dietary recalls, saliva and urine sampling 

did not form part of the direct objectives of this PhD study but they were investigated by other study collaborators. 
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samples was meticulously recorded.  The second PK sample was required to 

be taken 2 hours after the first PK sample to enable a better profile in the 

elimination phase. 

• Blood samples for CD4-cell count, CD4%, VL, FBC and ALT were collected at 

(3, 6, 12, 18 and 24 months) and bloods for triglycerides (Trig.) and cholesterol 

(Chol.) were collected at 24 months only.  Should virological failure occur 

(>1000 copies/ml, confirmed on a subsequent specimen within one month), 

then repeated resistance genotyping* was performed on blood specimens in 

between scheduled visits. 

• Treatment adherence assessment was performed by the research pharmacist 

at the research site (diary card and counting/measuring of medicine). 

• Dose and dosing schedule of the HAART regimen was checked and confirmed. 

• Time of last 3 days doses of the HAART regimen (very specific for efavirenz) 

was recorded and/or checked on the diary cards provided. 

• Dose and dosing schedules of all other possible and acceptable concomitant 

medication (e.g. co-trimoxazole and multivitamins) were recorded. 

• The same anthropometric measurements and dietary assessments and recalls 

were recorded as stated for baseline visit*. 

• Bio-electrical impedance analysis (BIA) to measure fat-free mass and fat mass 

was only measured at the 24 month visit*. 

• Saliva and urine were collected only at 2 study visits (either 6 and 12 months or 

12 and 18 months) from 20 study participants whom gave consent/assent for an 

additional MSc research study (refer to Approved Study Protocol, Addendum 

A1 for more details)*. 

Figure 3.1 is a schematic diagram of the study design and layout. 

 

                                                           
* Genotype sequencing for resistance mutation investigations, certain anthropometric measurements, dietary recalls, saliva and urine sampling 

did not form part of the direct objectives of this PhD study but they were investigated by other study collaborators. 
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Figure 3.1:  Schematic diagram of study layout and study visits. 

3.3.2 Study Population 

Sixty-four (64) black HIV-1-infected study participants were prospectively recruited 

and consent was obtained at the research site (Harriet Shezi Children’s Clinic, Chris 

Hani Baragwanath Hospital, Soweto, South Africa) from June 2007 to March 2008.  

Only sixty (60) study participants (both genders) were finally enrolled onto the clinical 

trial (PK/PD.EFV.07).  The cohort included children, 3-14 years, both genders, with 

no prior exposure to antiretroviral therapy (ART), eligible for ART and all were from 

resource limited households. 

A summary of the approved inclusion and exclusion criteria follows (refer to 

Addendum A1 for Approved Study Protocol and for the sample size justification). 

Inclusion Criteria: 

• HIV-1 DNA PCR positive and, if possible, repeated at a second occasion. 
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• 3 to 16 years, both genders. 

• Eligible to commence with first line HAART (efavirenz as part of their 

antiretroviral treatment). 

• Concomitant use of multivitamins and co-trimoxazole. 

• All other eligibility criteria as indicated by the NDoH – Guidelines for the 

management of HIV-infected children (NDoH, 2005). 

• Signed informed consent from a legal guardian and, if applicable, signed 

informed assent. 

Exclusion Criteria: 

• Grade 3 - 4 defined toxicity according to the Pediatric AIDS Clinical Trial Group 

(PACTG) for laboratory tests and adverse effects. 

• Use of midazolam or reserpine (internal standards in the LC-MS/MS method). 

• Current use or recent exposure (within 4 weeks of the specific study visit in 

question) to any known cytochrome P450 inducers or inhibitors or any other 

drug at the discretion of the principal investigator. 

• Any chronic medication taken on a regular daily basis besides the specified first 

line HAART regimen.  Co-trimoxazole and amoxicillin for prophylaxis/treatment 

against opportunistic infections as specified by the DoH guidelines would be 

acceptable. 

• Tuberculosis infection.  Any study participant diagnosed with TB and started on 

anti-TB treatment while on the study to be withdrawn while on anti-tuberculosis 

regimen (at least 6 months).  To re-enter post completion of anti-TB treatment 

after an additional 4 weeks wash-out period.  This was added/amended and 

approved by the Ethics committee in October 2008. 

• Known renal, hepatic or gastrointestinal tract disease resulting in mal 

absorption.  

• Chronic diarrhoea. 
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3.3.3 Study Medication 

The first line regimen of HAART and the dosages were according to the NDoH – 

Guidelines for the management of HIV-infected children (NDoH, 2005).  The first line 

regimen consisted of efavirenz (non-nucleoside reverse transcriptase inhibitor, 

NNRTI) lamuvidine (nucleoside reverse transcriptase inhibitor, NRTI) and stavudine 

(nucleoside reverse transcriptase inhibitor, NRTI).  Abacavir can be used if adverse 

effects were reported with the use of one of the NRTIs.  

Table 3.1: Dosage guidelines for efavirenz according to the NDoH – Guidelines for 
the management of HIV-infected children (NDoH, 2005) 

Body Weight (Kg) Efavirenz capsules (mg)# 

10 to 14.9 200 

15 to 19.9 250 

20 to 24.9 300 

25 to 32.9 350 

33 to 40 400 

> 40 600 

# Stocrin™ Capsules (50 mg; 200mg; 600mg) were the only pharmaceutical products available at the state dispensary 
pharmacy until February 2009.  Efavirenz generic products such as Aurobinda-Efavirenz™ (50 mg) capsules and Stocrin™ 
Tablets were phased in from March 2009 on an infrequent basis.  All study participants were required to always report back 
to the Research Pharmacy at the Harriet Shezi Study site after collecting their ARVs from the state pharmacy for correct 
ARV checks.  All efavirenz generic products were replaced with Stocrin™ Capsules (50 mg; 200mg; 600mg) where possible 
by the Research Pharmacist at the Harriet Shezi Study site. 

3.3.4 Blood Sampling, Collection and Storage 

On each follow-up visit, the two whole blood (1.5 ml) samples for the 

pharmacokinetic (PK) analyses were collected in ethylenediaminetetraacetic acid 

(EDTA) tubes.  The PK blood samples were centrifuged at 3000 rpm for 10 minutes 

(min) within 1 hour of sampling.  Plasma (top layer) was removed and stored in 

specific labelled Eppendorf tubes and stored at -80°C pending analysis with the 

validated LC-MS/MS method.  The concentrated leucocytes (buffy coat), white thin 

second layer, was then removed and separately stored in nuclease free specific 

labelled Eppendorf tubes at -80°C pending DNA isolation.  Refer to SOP-001 in 

Addendum B. 
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The routine blood analyses for CD4-cell count, CD4%, VL, FBC, ALT, Trig. and Chol. 

were sent to the National Health Laboratory Services (NHLS) at the Chris Hani 

Baragwanath Hospital, Soweto, Johannesburg, for analyses.  The VL was 

determined with NucliSens EasyQ, Biomerieux, which is based on nucleic acid 

sequenced based amplification (NASBA).  This VL assay can reliably detect HIV at a 

level of 357 IU/ml if 1 ml of plasma is tested; it has been optimised such that RNA 

copies/ml is comparable to IU/ml. The CD4-cell counts and CD4% were analysed by 

standard operation procedures using a light microscopic fluorescence technique.   

3.4 Analytical Methods 

3.4.1 LC-MS/MS Method for Efavirenz Determination in Plasma 

3.4.1.1 Chemicals 

Eluent solvents were high purity water, methanol (HPLC grade Burdick and Jackson 

Laboratory Co.); glacial acetic acid (SAARCHEM), and ammonium formate (Agilent 

Technologies).  Efavirenz the reference standard was supplied by the World Health 

Organization: International Chemical Reference Substances (batch 104229).  

Midazolam (Dormicum® ampoule 5 mg/5 ml, batch Z7810 from Roche), internal 

standard (IS) was obtained from a local pharmacy with a prescription for research 

purposes only.  Zinc sulphate was used as a precipitating agent.  All chemicals were 

stored at the recommended and appropriate storage temperatures and conditions.  

3.4.1.2 LC-MS/MS instrumentation 

The chromatographic system consisted of an Agilent G1312A binary pump, a 

G1379B micro vacuum degasser and a temperature regulated auto sampler fitted 

with a six port injection valve with a 100 µl loop capillary.  Efavirenz was separated 

from the internal standard (midazolam) on a Zobrax Eclipse XDB-C18 column (4.6 x 

150 mm; 5 micron).  The temperature of the column was maintained at 40°C.  

Efavirenz and midazolam (Mid) were detected with an Agilent 6410 triple quadrupole 

mass spectrometer in positive electrospray ionization mode.  Manual product ion 

scanning was performed to select the best abundant fragment for each compound by 

adjusting the collision energy voltage and fragmentation voltage to provide the 
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highest sensitivity, as recorded in Table 3.2.  The various multiple reaction 

monitoring (MRM) transitions that were measured for the analytes are reflected in 

Table 3.2.  Nitrogen was used as a nebulizer gas and desolvation gas.  The gas 

temperature (°C), gas flow (l/min), capillary voltage (V) and nebulizer pressure (psi) 

were set at 300, 12, 4000 and 40 respectively.  

Table 3.2: Main mass spectrometry parameters for efavirenz and midazolam assay 

Analyte MRM Collision Energy 
Voltage 

Fragmentation 
Voltage 

Efavirenz 316 → 244# 
316 → 232## 

10 
15 

120 
120 

Midazolam (IS) 326 → 291## 
326 → 223# 

40 
40 

140 
140 

#  MRM transitions used in the quantification of the efavirenz concentration.  ## Qualifiers  

The mobile phase was delivered at a flow rate of 0.5 ml/min and the gradient 

programme conditions are provided in Table 3.3.  The total run time was 8 min. and 

the respective retention times (min.) were 6.7 and 7.2 for midazolam and efavirenz. 

Table 3.3:  Gradient elution programme 

Time (min) Flow (ml/min) % Solvent A % Solvent B 

0 0.5 90 10 

0.6 0.5 50 50 

1.5 0.5 0 100 

7.5 0.5 0 100 

7.6 0.5 50 50 

7.9 0.5 80 20 

8 0.5 90 10 

3.4.1.2.1 Mobile phases 

Solvent A consisted of methanol (MeOH)-water (H2O) (10:90 v/v).  Solvent B 

consisted of a 5 mM ammonium formate buffer in 97% MeOH and 0.1% glacial 
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acetic acid.  The pH of Solvent B should be between 5.6 - 5.9.  Refer to SOP-003, 

Version 2 in Addendum B3. 

3.4.1.2.2 Stock solutions, working solutions, plasma calibrants and quality 
control (QC) samples 

Stock solutions (SS) of efavirenz were prepared by dissolving 5 mg EFV in 5 ml 

MeOH: H2O (1:1) and stored at -20°C.  Midazolam SS was obtained from 

Dormicum™ ampoules, 5 mg in 5 ml H2O and stored at -20°C.   

Working solution (WS) for efavirenz and midazolam were prepared by diluting the SS 

to a final concentration of 100 µg/ml in MeOH : H2O (1:1) and H2O, respectively. 

Plasma donated from a healthy volunteer was used to prepare the plasma 

calibrators by serial dilution of the WS into plasma.  Eight levels of plasma calibrators 

were used in the linear regression on a daily basis (refer to Table 3.4). 

Table 3.4:  EFV plasma calibrators with corresponding theoretical concentrations 

Level (Plasma calibrant levels) Concentration (µg/ml) 

L 1 0.0937 

L 2 0.1875 

L 3 0.375 

L 4 0.750 

L 5 1.5 

L 6 3 

L 7 6 

L 8 12 

QC samples were prepared at L8, L6 and L2, and injected after every 15 samples in 

the LC-MS/MS system on a daily basis.  

3.4.1.2.3  Sample preparation 

The specific labelled clinical trial plasma samples were removed from the bio-freezer 

(-75 to -80°C) to thaw on the work bench.  Plasma (100 µl) was transferred to clearly 
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individually marked Eppendorf tubes.  The Eppendorf tubes were labelled according 

to the study participant number and the specific PK sampling time.  The tubes were 

placed in a pre-heated oven for 30 min. at 56°C to de-activate the HIV-1 virus.  

Samples were removed and left on the work bench until room temperature was 

reached. 

The following was added to the 100 μl plasma samples: 

1.  40 μl IS (Mid – 1.325 μg/ml) 

2.  160 μl MeOH (HPLC grade) 

3.  40 μl Zinc sulphate (0.2 M) 

The samples were vortexed for 10 seconds and centrifuged for 10 min. at 14 000 

rpm.  Visibly clear supernatant (180 µl) was transferred into a clearly marked 

insert/glass vial for injection into the LC-MS/MS system. The injection volume was 5 

µl.  Refer to SOP-002 and SOP-003 in Addendum B1 and B2. 

3.4.1.2.4  Validation 

This plasma LC-MS/MS method to quantify EFV was optimised and validated by 

modifying previously published methods by Koal and co-workers (2005) and Egge-

Jacobsen and co-workers (2004).  The general requirements of ISO/IEC/SANS 

17025, 2005 were adhered to and the validation criteria of de Beer, 2006, were 

applied (ANON, 2005; De Beer, 2006).  The validation results are reported in 

Chapter 7 (refer to § 7.2) and selective method validation results were published by 

Viljoen and co-workers (2010). 

3.4.2 Polymerase Chain Reaction (PCR) for CYP2B6 516G>T 
Polymorphism 

3.4.2.1 Deoxy nucleic acid (DNA) isolation 

Genomic DNA was purified from 1.5 ml whole blood obtained at baseline and at 

subsequent PK study visits from each study participant.  The whole blood was 

centrifuged and the concentrated leukocyte (white thin buffy coat) layer was stored in 
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specifically labelled nuclease free Eppendorf tubes at -80°C pending DNA isolation.  

DNA isolation was performed according to the instructions of the Flexigene DNA Kit 

(Qiagen GmbH, Hilden, Lot nr. 133221821) from the stored buffy coat (200 µl).  The 

isolated DNA stock solutions (SS) were measured on a Nanodrop ND1000 to 

determine the DNA concentration from which working solutions (WS) were diluted 

with nuclease free water to 50 ng/µl.  Each individual’s, SS and WS, were specifically 

labelled and stored separately at -80°C pending further analysis. 

3.4.2.2 CYP2B6 516G>T polymorphism 

Genotyping of the target CYP2B6 516G>T gene polymorphism, located on 

chromosome 19, exon 4 was determined by PCR and restriction fragment length 

polymorphism (RFLP) analysis according to the method described by Lang and co-

workers (2001).  The PCR amplification produced a 526 base pair (bp) amplicon 

product with the forward primer 5’- GGTCTGCCCATCTATAAAC-3’ and the reverse 

primer 5’-CTGATTCTTCACATGTCTGCG-3’.  Tables 3.5-3.6 reflect the specific PCR 

equipment and conditions that were used. 

Table 3.5:  PCR equipment 

Equipment Source 

Centrifuge (whole blood) – Beckman Coulter 
Allegra X-22 

Beckman 

Wealtec E-centrifuge Wealtec Corporations 

iCycler IQ version 3.0a  
Programmable thermal block  – used as 
conventional PCR 

Bio-Rad Laboratories  

Nanodrop ND 1000 spectrophotometer  NanoDrop Technologies Inc. 

Gel Doc™ EQ  Bio-Rad Laboratories  

Electrophoretic tank and Power pack Bio-Rad Laboratories  
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Table 3.6: PCR conditions 

Forward primer 5’GGTCTGCCCATCTATAAAC 3’ 

Reverse primer 5’ CTGATTCTTCACATGTCTGCG 3’ 

Reaction volume 25 µl 

Cycling conditions 30 cycles of : 
1: Denaturation at 95°C for 30s  
2: Annealing at 59°C for 30s  
3: Extension at 72°C for 60s 
Final extension 72°C for 5 min. 

PCR Product 526 bp 

The PCR reactions were performed in a total volume of 25 μl with 50 ng/µl of 

genomic DNA (refer to Addendum B4 for SOP-004).  Tables 3.7-3.9 reflect the 

various quantities required for a single reaction volume, it can be multiplied with the 

number of samples intended to be analysed to calculate the quantities required for 

the respective master mix volumes.  

Table 3.7:  PCR reaction mix 

 Volume (µl) 
X1 

Master Mix Vol (μl) 
_________ samples 

DNA (50 ng/l) 1.0  

Forward primer (10 µM) 1.25  

Reverse primer (10 µM) 1.25  

DreamTaq® Green Master Mix 
(Fermentas) 12.5  

Nuclease free H2O 9.0  

Total 25  

The PCR product (526 bp) was digested with FastDigest® BseNI (Fermentas Life 

Science, Burlington, Canada) for 10 min. at 65°C and 5 min. at 80°C.  The digested 

PCR products were electrophoresed on a 3% agarose gel with O’GeneRuler®, low 
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range, DNA ladder.  Digestion of the homozygous wild type 516 G/G genotype 

yielded three fragments of 23, 236 and 267 bp, the homozygous 516 T/T genotype 

yielded two fragments of 23 and 503 bp and the 516 GT heterozygous yielded four 

fragments of 23, 236, 267 and 503 bp  (refer to Figure 3.2).  This analysis was 

performed at the Laboratory for Applied Molecular Biology (LAMB), Faculty of Health 

Science, School of Pharmacy, North-West University, Potchefstroom Campus. 

Table 3.8:  Restriction enzyme digestion (FastDigest® BseNI) mix 

Component Vol (μl) 
X1 

Master Mix Vol (μl) 
----- samples 

PCR product (526 bp) 10  

10x FastDigest ® Buffer 2.0  

FastDigest®  BseNI Enzyme  1.0  

H2O 17  

Total volume 30  
 

Figure 3.2: RFLP digestion pattern of CYP2B6 516 G/G, T/T and G/T, post 

FastDigest® BseNI enzyme digestion. 

An alternative to the FastDigest® BseNI enzyme digestion was to use BseNI (BsrI). 

The PCR product (526 bp) was digested with BseNI (BsrI), Fermentas Life Science, 

Burlington, Canada, for 3 hours at 65°C in temperature controlled water bath or PCR 
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block (refer to Addendum B4 for SOP-004).  The same fragments were yielded and 

were electrophoresed on a 2 % agarose gel with O’GeneRuler®, 50 bp, DNA ladder.   

Table 3.9: Restriction enzyme digestion BseNI (BsrI) mix 

Component Vol (μl) 
X1 

Master Mix Vol (μl) 
----- samples 

PCR product (526 bp) 10  

10x Buffer B 2.0  

BseNI Enzyme  0.5  

H2O 18  

Total volume 30.5  

3.5 Statistical Analysis 

Descriptive statistics were used to describe results as mean ± standard (±SD) or 

median (minimum and maximum range) where relevant. 

Repeated measure analysis of variance (ANOVA) with least square (LS) means and 

95% confidence interval (CI) was used to investigate the change of variables over 

time (baseline to 24 months post-HAART) within this study population and when 

grouped according to the CYP2B6 516G>T genotype.  Repeated measures ANOVA 

(LS means) only incorporated the complete data sets (all six occasions) over the 1-

24 months.  To exclude any possible biased reporting, all PK1 and PK2 data were 

additionally repeated in a 2-way ANOVA analysis in The Mixed Procedure (model-

based) with SAS (SAS Institute Inc. 2003, the SAS System for Windows Release 9.1 

TS Level 1M3 Copyright© by SAS Institute Inc., Cary, NC, USA).  These results 

were not repeated again in Chapter 7. 

The Hardy-Weinberg exact test was performed on the study population for the 

genotype frequencies.  Deviation of the genotype frequencies (observed and 

expected allele and genotype numbers) from the Hardy-Weinberg equilibrium (WHE) 

were assessed and compared with the Chi (χ2) test. 
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The Kruskal-Wallis (K-W) test was used to investigate between-group comparisons 

of continuous variables and the χ2 test for categorical variables.  If the K-W test 

showed statistically significant differences between the groups, additional multiple 

comparisons by groups were performed to investigate exactly between which groups 

the differences occurred.  Statistically significant differences were denoted when P-

value < 0.05. 

Correlations were determined by using the non-parametric Spearman Rank Order 

correlation when the EFV plasma data were not log transformed (Chapter 4, 

Manuscript A).  A small, medium or strong correlation was defined as in Table 3.10. 

Table 3.10: Relevance of r-values for small, medium or strong correlations 

Correlation Spearman r 

Small < 0.1 

Medium 0.1< r < 0.3 

Strong > 0.5 

 

Correlation analysis of the log EFV plasma concentration data (parametric) was 

performed with Pearson’s correlation (Chapter 5, Manuscript B). 

Univariate and multivariate analyses were performed to investigate the influences of 

various independent variables (gender; age; genotype; dose; VL; CD4; ALT; 

adherence; resistance/ lipodystrophy/ gynecomastia/ IRIS; Trig.; Chol.) on the log 

EFV plasma concentrations at 1, 3, 6, 12, 18 and 24 months post-HAART initiation.  

Paired-wise multiple linear regression analysis was used for the selection of the 

independent variables in the multivariate model and each occasion (1, 3, 6, 12, 18 

and 24 months) was treated separately.  

Data and statistical analyses of the results reported in Manuscript A were performed 

using GraphPad® Prism version 5.00 for Windows, (GraphPad Software, San Diego, 

California, USA, www.graphpad.com). 
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Gender-specific height, weight and body mass index (BMI)-for-age z-scores were 

calculated using WHO Anthro (version 2.02), and WHO AnthroPlus software (version 

1.0, www.who.int/childgrowth/software/en). 

Data and statistical analyses reported in Manuscripts B, C and rest of Results and 

Discussion (Chapter 7) were performed using Statistica® (StatSoft, Inc., version 9.0, 

Tulsa, Oklahoma, USA, www.statsoft.com). 

All statistical analyses were performed in consultation with the Statistical 

Consultation Services, North-West University, Potchefstroom Campus (Dr Suria Ellis 

and Prof. Faans (HS) Steyn). 

3.5.1 Sample Size Justification (Power of the Study) 

The justification of the sample size (n=60) of this study population, with regards to 

the pharmacokinetic parameters, was addressed in the Study Protocol, refer to 

Addendum A1.   

Based on the sample size (n=60) and e = 0.354 (Addendum A1), representing the 

minimum deviation from the average Cmin to be tolerated within the 95% confidence 

interval the power of the study was calculated as 0.77 by a power sample t-Test in 

Statistica®,  

3.5.2 Non-linear Mixed Effects Modelling (NONMEM) 

The non-linear mixed effects modelling program (NONMEM) was incorporated to 

generate population pharmacokinetic parameters of efavirenz from sparsely 

collected data.  NONMEM (version 7 level 1.2) with Intel® Visual Fortran Compiler 

version 11.0 software was used to perform the analysis (Beal et al., 1986-2006).  

The first-order conditional estimate method (FOCE) with interaction between inter-

individual, intra-individual and residual error was used for all models tested and the 

population approach was applied.  It is important to note that with the first-order 

method used in this analysis, the exponential error model is approximated by a 

proportional error model (Cabrera et al., 2009).  The prediction-corrected visual 

predictive checks (pcVPC) were generated with the Perl speaks NONMEM (PsN) 
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tool “vpc”, version 3.2.7 and the graphical presentations of the results were 

performed with Xpose, package, version 4.3.0 using R, version, 2.12.0. 

The adequacy of the models was evaluated by the following processes: 

i) Posteriori estimation (POSTHOC option in NONMEM) between PK 

parameters and covariates (Yano et al., 2001). 

ii) Diagnostic graphics were obtained with generalised additive modelling (GAM) 

using Xpose 4.3.0 with the R program 2.12.0.  Xpose facilitates data set 

checkout, exploration and visualisation, model diagnostics, candidate 

covariate identification and model comparisons (Jonsson & Karlsson, 1999; 

Ihaka & Gentleman, 1996; Lindbom et al., 2004). 

iii) Differences in OFV (objective function value) between models were used to 

evaluate whether or not the added covariate significantly improved the fit, 

(differences were regarded as significant when the OFV decreased by 3.84 

(P<0.05) or 6.63 (P<0.01) points for one or two additional parameters 

respectively). 

iv) A reduction in inter-individual variability (IIV/ISV) was a good indication. 

iv) Improvement in the goodness-of-fit plots and graphic diagnostics (weighted 

residuals) were relevant (Ihaka & Gentleman, 1996). 

v) Akaike’s Information Criterion (AIC) was applied as an initial estimate to 

investigate which important covariates influenced the PK parameters. 

vi) A close relationship between predicted and observed concentrations was a 

good indication.  The 95% confidence interval (CI) estimations using standard 

errors should not include zero values and that the percentage estimation error 

of fixed and random parameters should not be higher than 25 to 50% 

respectively. 

vii) Gender, age, weight, height, body surface area (BSA) and genotype (CYP2B6 

G516T) were the covariates evaluated to establish their influence on the PK 

parameters (CL/F and V/F) of efavirenz within this paediatric study population.  
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AIC was incorporated initially to investigate which covariates influenced the 

CL/F and V/F values.  All of these covariates were then also additionally 

tested on the basic model using the difference in the OFV to indicate 

significant improvement of the fit as described above (iii).  In addition to the 

already stated covariates we also introduce the effect of interoccasion 

variability (IOV) to the final population PK model.  IOV was added as a 

random effect measurement.    

viii) An additional validation process was introduced on the final selected model by 

introducing a non-parametric bootstrap (n = 200) method generated in Perl 

speaks NONMEM, PsN 2.2.3, to provide information on parameter uncertainty 

(Lindbom et al., 2004).  To best validate the final model, the parameters 

estimated from the bootstrap analysis must be close to the estimations 

obtained from the original population set data.  pc-VPCs were used as 

informative diagnostic tools to allow inspection of model appropriateness 

across time as well as across covariate values 
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ABSTRACT 

The aim of this study was to quantify the plasma efavirenz concentrations over 6 

months in black HIV-1-infected South African children (3-14 years), from resource 

limited households, attending an outpatient clinic. The children were antiretroviral 

treatment (ART) naïve and received efavirenz in combination with 2 nucleoside 

reverse transcriptase inhibitors, according to South African national guidelines. Two 

blood samples were taken between 12 and 20 h after last efavirenz dose at 1 (n=58), 

3 (n=54) and 6 (n=54) months post-ART initiation.  A total of 328 efavirenz mid-dose 

plasma samples from 58 patients was determined with a validated liquid 

chromatography tandem mass spectrometry method.  Viral suppression (<25 

copies/ml) was achieved in 95% of the children after 6 months on ART.  The median 

(range) plasma concentration at time points 1 and 2 were 2.06 (0.10-11.14) and 1.80 

(0.14-10.70) μg/ml with respective mean (±SD) blood sampling times of 15.24 (2.03) 

and 16.91 (2.03) h post evening dose.  Efavirenz plasma samples within the 

therapeutic range of 1-4 μg/ml accounted for 58%; 17% were <1 μg/ml and 25% 

were >4 μg/ml, over the 6 months.  Efavirenz levels persistently >4 μg/ml were 

recorded for 13 (23%) children and 3 (5%) children had persistent efavirenz levels <1 

μg/ml.  Possible reasons for efavirenz plasma levels outside the accepted 

therapeutic range include genetic variation in drug metabolism, incorrect dosing, 

drug-drug interactions, and non-adherence. However, these need to be further 

explored and the importance of sequential plasma levels has been highlighted in this 

study. 
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INTRODUCTION 
The UNAIDS report of 2008 estimates 5.7 million [4.9-6.6 million] people were living 

with HIV in South Africa in 2007, of whom 280 000 [230 000-320 000] were children 

(0-14 years).1 

Efavirenz, a nonnucleoside reverse transcriptase inhibitor (NNRTI) forms part of the 

recommended national first line antiretroviral treatment regimen for children older 

than 3 years and weighing more than 10 kg.2  Efavirenz has a long half-life (40–55 h) 

and is therefore suitable for once daily dosing.3 

The challenges and shortcomings of efavirenz as part of highly active antiretroviral 

therapy include very large inter and intra-patient variability in the pharmacokinetics of 

efavirenz in children and adults.4-5 Unpredictable pharmacokinetics caused by 

altered absorption, genetic variations in metabolism and drug-drug interactions 

frequently lead to either sub-therapeutic levels and thus an increased risk of viral 

rebound, or to toxicity associated with central nervous system side-effects.6-8  The 

virus has a low genetic barrier to the development of efavirenz resistance and this 

may result in treatment failure.9  Paediatric formulations have not yet been 

developed or adequately tested in children and a substantial number of dosage 

recommendations for children are still absent  from the guidelines.6,10  Poor 

adherence to the prescribed therapy also contributes to treatment failure and plasma 

concentration variation.10-12 

The need to monitor efavirenz levels, especially in adults, has been investigated and 

published fairly extensively.4,8,13-14  Some of these studies have investigated the 

plasma efavirenz levels and applied mid-dosing sampling times.  Marzolini and co-

workers recommended 1-4 μg/ml as a suitable target when sampling between 8 and 

20 h post-dose.8  Updated guidelines published in 2006 support the Cmin to be above 

1 μg/ml.15 

Several studies have reported on the altered efavirenz metabolism in HIV-infected 

patients associated with CYP2B6 polymorphisms.  It has been shown that elevated 

efavirenz concentrations are more frequently observed in Africans due to variation of 

the CYP2B6 gene and more specifically due to polymorphic homogenous genotype, 

516G>T, encoding for the CYP2B6 isoenzyme.7,17-18 

Limited information on efavirenz plasma concentrations in sub-Saharan HIV-1 

infected patients (children and adults) is available.17,19 In this study we present data 
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on efavirenz plasma levels taken in South African HIV-infected children at 1, 3, and 6 

months after the commencement of ART.  To our knowledge, this is the only study in 

South African HIV-infected children that has measured serial efavirenz levels over a 

period of time, and only the second study to investigate efavirenz plasma levels in 

black South African children.  

MATERIALS AND METHODS 
Population and study design 

This was a prospective study of children attending the outpatient clinic at Harriet 

Shezi Children’s Clinic, Chris Hani Baragwanath Hospital, Soweto, South Africa. The 

cohort included children (3-14 years) both genders, with no prior exposure to 

antiretroviral therapy, eligible for ART, and all from resource limited households.   

Exclusion criteria included concomitant or recent (within 4 weeks of study visit) use 

of any known P450 cytochrome inducers or inhibitors, tuberculosis infection, renal 

and or hepatic dysfunction and chronic diarrhea.  

Ethics approval was obtained from the North-West University, Potchefstroom (NWU-

0015-07-A5) and the University of the Witwatersrand, Johannesburg (reference nr. 

070413).  ART eligibility was in accordance with national guidelines for the 

management of HIV-infected children in South Africa. The first line ART regimen for 

those over 3 years of age and over 10 kg of weight was comprised of stavudine, 

lamivudine, and efavirenz.  Efavirenz dosing was based on weight banding per the 

national guidelines; for children weighing: 10-14.9 kg, 15-19.9 kg, 20-24.9 kg, 25-

32.9 kg, 33-40 kg, and > 40 kg, the dose was 200, 250, 300, 350, 400 and 600 mg 

daily, respectively.2  All of the children were receiving co-trimoxazole as primary 

prophylaxis prior to ART and during ART.  

At each scheduled study visit, children were assessed clinically, weight, height, 

dosages, and adherence were recorded.  Laboratory investigations (haematology, 

chemistry, viral load, and CD4 cell count) were performed at baseline and every 6 

months unless otherwise indicated. These tests were conducted at the National 

Health Laboratory Services (NHLS) at the Chris Hani Baragwanath Hospital.  The 

viral load was detected with nucleic acid sequenced based amplification (NASBA) 

performed with Nuclisens EasyQ (Biomerieux).  A successful antiviral response was 

defined as a viral load lower than the detectable 25 copies/ml at 6 months.  A 
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virological “blip” was defined as a viral load measurement between 25 and 1000 

copies/ml preceded and followed by repeated measurement below 25 copies/ml. 

Assessment of adherence 

Adherence was assessed verbally and checked on a pre-issued diary card at each 

study visit.  Additional assessments of adherence were required whenever a renewal 

or repeat prescription was dispensed on a non study visit day.   

Measured adherence (%) was calculated as [(Volume prescribed–Volume returned) / 

Volume prescribed] × 100.  Any discrepancies were addressed and additional 

adherence and counselling support provided. Adherence was defined as good when 

the measured adherence was calculated between 93-107%.  Non-adherence was 

defined when the measured adherence was calculated as < 93% or >107%, this 

allowed for 2 doses to be missed or taken incorrectly during a 28 day prescription 

cycle. 

Efavirenz blood sampling and analyses 

Two consecutive mid-dose interval blood samples (between 12 and 20 h postdose) 

were taken at 1, 3, and 6 months using a canula.  The exact times of the blood 

samples and the time of efavirenz administration for the three previous evenings 

prior to the study visit were recorded.  Efavirenz plasma analyses were determined 

by an optimised and validated LC/MS/MS method adapted from previously published 

methods.20-21  The calibration curve (n=8) was linear over the range of 0.094-12 

μg/ml.  The mean (±SD) accuracy obtained for the calibration standards were 

100.37% (6.32%) for 171 plasma standards and the coefficient of variation (CV%) 

was less than 8%.  The within (intra-) and between (inter-) day CV% were less than 

6% and 10%, respectively for three quality control samples (low, middle, and high 

concentrations).  The lower limit of quantification was set at 0.094 μg/ml.  Retention 

times were 7.1 and 6.8 minutes for efavirenz and midazolam (internal standard), 

respectively.  The following possible co-administered drugs- stavudine, lamivudine, 

sulfamethoxazole, trimethoprim, paracetamol, and amoxicillin- did not interfere with 

the chromatographic conditions to determine efavirenz accurately. 

Statistical analyses 

Descriptive statistics were used to describe demographic results as mean ± standard 

deviation (±SD), or median (minimum and maximum range) for the efavirenz plasma 

concentrations.  Intra- and inter patient variability were expressed as coefficient of 

variation (CV%) and analysed by repeated measures ANOVA.  The paired t-test was 
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used to investigate statistically significant differences (p<0.05) between baseline and 

6 month variables (refer to Table 1).  The Friedman test (non-parametric) was 

applied to investigate differences between the median plasma concentrations at 1, 3, 

and 6 months respectively.  Correlations were assessed by the non-parametric 

Spearman test.  The Mann-Whitney U test (non-parametric) was used to determine 

differences in the median efavirenz plasma concentrations of the patients defined as 

adherent or nonadherent.  Data and statistical analyses were performed using 

GraphPad Prism version 5.00 for Windows, (GraphPad Software, San Diego, 

California, USA, www.graphpad.com).  Gender-specific height-, weight-, and body 

mass index (BMI)-for-age z-scores were calculated using WHO Anthro (version 

2.02), and WHO AnthroPlus (version 1.0, www.who.int/childgrowth/software/en) 

software.  The statistical analyses were done in consultation with the Statistical 

Consultation Services, North-West University, Potchefstroom Campus. 

RESULTS 
Patient demographics and characteristics 

Sixty HIV-1-infected children were enrolled at baseline. Patient characteristics at 

baseline and 6 month post-ART are summarized in Table 1.  All of the children were 

black Africans and 52% were males.  The mean (±SD) age, and weight were 6.8 

(2.9) years and 20.19 (6.70) kg, respectively, at baseline.  Most children had 

relatively low weight, height, and BMI values for their age and gender at baseline, 

but their linear growth improved significantly (p<0.05, Table 1) over 6 months. 

The median (range) viral load decreased significantly (p<0.002) after 6 months post-

ART from 52,500 (640-3,000,000) to 25 (25-170,000) copies/ml, respectively.  Viral 

load values lower than detectable (<25 copies/ml) were measured for 95% (53/56) of 

the patients after 6 months.  The remaining 5% (3/56) had viral load values of 780, 

2800, and 170,000 copies/ml, respectively, at 6 months post-ART. 

Efavirenz dose and plasma concentrations 

The night time efavirenz doses were fairly evenly distributed between 200, 250, 300, 

and 350 mg (24%, 29%, 24.5%, 17.5%) with only 5% of the doses being either 400 

or 600 mg during the 6 month period.  The mean (95% confidence interval) efavirenz 

daily doses were 13.92 (13.38-14.45), 13.65 (13.26-14.04), and 13.41 (13.08-13.74) 

mg/kg/d at 1, 3, and 6 months, respectively. 
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A total of 328 efavirenz mid-dose plasma samples from 58 patients (n=58, 54, and 

54 at 1, 3, and 6 months respectively) were utilized in the concentration analyses 

over the 6 month period (Table 2).  Efavirenz plasma levels outside the calibration 

range (0.094-12 μg/ml) accounted for nine samples from three patients (Table 2); 

these results were excluded from all of the calculations, but are reported where 

relevant as persistently <1 μg/ml or >4 μg/ml.   

A total of 164 efavirenz plasma samples were taken for the first time point at 1, 3, 

and 6 months respectively.  The median (range) efavirenz plasma concentration over 

the six months was 2.06 (0.10-11.14) μg/ml at a mean (±SD) sampling time of 15.24 

(± 2.03) h post-last dose.  A total of 164 efavirenz plasma samples were also taken 

for the second time point at 1, 3, and 6 months respectively.  The median (range) 

efavirenz plasma concentration was 1.80 (0.14-10.70) μg/ml at a mean (±SD) 

sampling time of 16.91 (2.03) h post-last dose.  The median efavirenz plasma 

concentrations at time points 1 and 2, respectively, were similar over the 6 months 

and did not indicate significant differences when compared between 1, 3, and 6 

months (Friedman test). 

There was a high level of variability in the efavirenz plasma concentrations between 

the study individuals (inter), namely 137% and 143% at time points 1 and 2, 

respectively.  Variability within the same individual (intra) was much lower at 25% 

and 18% at time points 1 and 2, respectively, over the 6-month period.   

The measured efavirenz concentrations showed significant positive correlation 

(p<0.05) with age, dose and weight at 1, 3 and 6 months respectively (Spearman 

correlation coefficient r>0.27-0.47).   

Efavirenz plasma samples at time points 1 and 2 within the target range (1-4 μg/ml), 

represented 58% (189/328) of all the samples taken over the 6-month period.  Sub-

therapeutic levels (<1 μg/ml) were reported for 17% (56/328) of samples and 25% 

(83/328) of samples were above 4 μg/ml taken during mid-dose interval.   

The number of plasma concentrations <1 μg/ml accounted for 16% (18/114) at 1 

month, 20% (22/108) at 3 months, and 15% (16/106) of the samples tested at 6 

months.  Persistent efavirenz concentrations <1 μg/ml were observed in 5% (3/56) of 

the children at 1, 3 and 6 months, with viral load values of  2800 and 170,000 

copies/ml respectively in two of these children after 6 months.  The viral load of the 

third child was <25 copies/ml, although the efavirenz levels were persistently below 1 

μg/ml at 1, 3 and 6 months post-ART.   
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It was further observed that 23% (13/56) of the children had persistent efavirenz 

concentrations >4 μg/ml at 1, 3, and 6 months.  Although 25% (83/328) of the 

measured efavirenz plasma concentrations were above 4 ug/ml, none of the patients 

stopped taking the efavirenz based ART during the first 6 months due to side-effects 

or for any other reasons.  Very few side-effects were reported in the study population 

in general.  Mild side-effects such as dreaming (nightmares), rash, and abdominal 

cramps that were reported subsided spontaneously within the first few weeks of 

treatment.  Nightmares were reported in 7% (4/59) of the children during the first four 

weeks on treatment and insomnia was reported in 2% (1/59).  Among these children, 

four had efavirenz plasma levels between 1 and 4 μg/ml and only one child who 

reported nightmares had elevated levels >4 μg/ml.  This child was also one of the 13 

patients that had persistently elevated efavirenz levels. Low grade transaminitis 

occurred in 11% (6/56) of the children of whom 7% (4/56) had efavirenz levels 

persistently above 4 ug/ml after 6 months on treatment.   

Figures 1 represents the combined efavirenz plasma concentration data vs. time at 

time point 1 (PK1) and time point 2 (PK2) over the 6-month period, indicating the 

plasma levels within the therapeutic range and outside the therapeutic range. 

Adherence and efavirenz plasma concentrations 
Good adherence was recorded for 59% (35/59), 54% (30/56), and 18% (10/56) of 

the children at 1, 3, and 6 months respectively.  The number of adherence 

assessments (pill counts) was recorded for only 71% (42/59), 73% (41/56), and 59% 

(33/56) of the children resulting in a large number of patients (29%, 27%, and 41%) 

not returning their medicines and or not reporting for adherence assessments at 1,3, 

and 6 months respectively.     

The median efavirenz plasma concentration (post-1 month) in the adherent (2.43 

μg/ml) vs. nonadherent (1.2 μg/ml) group was significantly (p=0.02) different, but no 

statistical significant difference was observed in the median efavirenz plasma 

concentration when grouped (adherent vs. nonadherent) at 3 and 6 months post-

ART (Mann-Whitney U test).   

Viral load values >25 copies/ml were recorded for 5% (3/56) of the patients. 

Persistent plasma efavirenz levels <1 μg/ml were recorded for two of these patients 

at mid-dose intervals and the third had a borderline concentration of 1.01 μg/ml at 

16.67 h post-last dose.  The adherence of all three of these patients was very poor: 
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two were nonadherent and the other never returned previous medicines for the 

specific adherence assessments. 

DISCUSSION 
To our knowledge, this is the first study to report on sequential measured efavirenz 

levels at mid-dosing interval in a relatively large (n=58) cohort of black South African 

HIV-infected children.  It is well described that sub-therapeutic efavirenz 

concentrations (<1 μg/ml) could result in viral mutations conferring drug resistance 

and leading to virological failure.8,22-23 Conversely, central nervous system toxicity 

can occur at levels >4 μg/ml.8  In our study, 95% of the children were virally 

suppressed with viral loads below detectable levels (<25 copies/ml) after 6 months 

on ART.  The remaining 5% of the children had efavirenz plasma concentrations <1 

μg/ml or at borderline and were not virally suppressed.  These results support the 

findings of Marzollini and co-workers that efavirenz levels <1 μg/ml during mid-dose 

sampling will increase the possibility of virological failure.8    

Our findings of the median efavirenz plasma concentrations, 2.06 μg/ml and 1.80 

μg/ml, taken at 15.24 and 16.91 h post-last dose are in agreement with other similar 

studies where plasma levels (median 2.19, 1.58, and 2.8 μg/ml and mean 3.14 

μg/ml) were also sampled at mid-dose.8,19,24-25  Our mean efavirenz daily doses 

compared favorably to the average dose of PACTG 382 of 14.2 mg/kg/d and the 

median (range) dose of 13.3 (9.7-22.5) mg/kg/d of  Wintergerst and co-workers.24,26   

Data from our study over a period of 6 months indicated that 58% of all the plasma 

samples were between 1 and 4 μg/ml, 17% were below 1 μg/ml, and 25% were 

above 4 μg/ml.  It is important to emphasize that these efavirenz plasma levels were 

not taken at trough and are thus not actual Cmin plasma levels.  All of these samples 

(except for 1%) were taken between 12 and 20 h after the last dose intake and fall 

within the mid-dosing interval as implemented by various other studies.4,8,13,24-26 In a 

study conducted in Thailand, 71% of the samples were within 1-4 μg/ml, 13% were 

<1 μg/ml, and 10% were >4 μg/ml.  The Thai children were, however, older (median 

of 12.3 years) and that could account for possible better compliance and similar 

dosages and thus the higher percentage of plasma levels within the 1-4 μg/ml target 

range.25   

Results from two independent studies in children suggested that efavirenz could be 

under dosed.  Both these studies were however in small groups of children with 
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slightly different dosing.19,27  The study by Ren and co-workers in South African 

children reported that 40% had estimated trough levels (Cmin)  below 1 μg/ml and the 

median efavirenz plasma level was reported as 1.58 μg/ml, sampled at mid-dose 

interval.19  von Hentig and co-workers reported 64% of their children exhibited 

efavirenz plasma concentrations below 1 μg/ml.27  However, in three other more 

recent studies, efavirenz plasma concentrations <1 μg/ml were reported for 8.8%, 

13%, and 11% of the samples taken from 33 children respectively, in each of the 

studies.24-25,28  

The study performed in the Netherlands was also sequential (plasma samples taken 

after 1 day and after 2 and 6 weeks post-ART) and the age and weight of these 

children were similar to our study children.28  It could be argued that the actual 

number of trough levels (Cmin) <1 μg/ml from our study may be higher than the 

reported 17% as this was not taken at trough. Nevertheless, trough levels <1 μg/ml 

from our study are unlikely to be as high as in 40% or 64% due to the long half-life 

(40-55 h) of efavirenz.  Possible explanations for the higher number of efavirenz 

trough concentrations (<1 μg/ml) in the studies by Ren and von Hentig could be that 

the efavirenz levels were measured on only one occasion (cross-sectional studies) 

compared to three occasions over six months in our study, and the number of 

children in our study was significantly larger compared to the 11 and 15 children, 

respectively, in the cited studies.19,27   

A significant larger percentage (25%) of our study efavirenz plasma levels were 

above 4 μg/ml when compared to the German (14.7%)24 and Thai (10%)25 studies 

but similar to the Netherlands study (23%) with sequential plasma sampling post-

ART.28  The correlation between higher levels and adverse effects was 

nonsignificant in the German cohort and in the Thai children, except for psychiatric 

issues that was prominent in five children.  The same nonsignificant trend was 

observed in our study; although 25% of the measured efavirenz plasma 

concentrations were >4 μg/ml, none of the patients stopped taking the efavirenz-

based ART during the first 6 months due to side-effects or any other reasons.  A 

large number of children (23%) had  persistent efavirenz concentrations >4 μg/ml at 

1, 3, and 6 months with only one child reporting nightmares within the first few weeks 

of treatment.  The prevalence of low-grade transaminitis was observed in 11% of the 

children, of whom four out of six had efavirenz levels persistently above 4 ug/ml.  All 

of the children in this study were also taking co-trimoxazole and stavudine, thus the 
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low-grade transaminitis could not be solely attributable to elevated efavirenz plasma 

levels. 

Although there was a decrease (59%, 54% and 18%) in adherence (as defined by 

our criteria), the number of plasma concentrations <1 μg/ml did not change 

significantly (16%, 20% and 15%) over the 6-month period.  The numbers of patients 

not returning their old medication and not reporting for adherence assessments were 

higher at 6 months (41%) compared to 29% and 27% at 1 and 3 months, 

respectively, and this could account for the decrease in adherence at 6 months post-

ART. 

In summary, several reasons could contribute to efavirenz plasma levels being 

outside the accepted therapeutic range of 1-4 μg/ml. These include genetic variation 

in drug metabolism, incorrect dosing, drug-drug interactions, and nonadherence.  

Genotypic investigations into possible genetic polymorphisms on the CYP2B6 gene 

in this study population would be useful and could further explain the high 

interindividual variation in the efavirenz plasma concentrations.  A limitation of this 

study is that although all possible efforts were made to monitor adherence in this 

outpatient clinic scenario, we cannot conclude that adherence did not affect the 

efavirenz plasma levels in this study population.  However, the reasons for children 

having efavirenz plasma concentrations outside the therapeutic range (1-4 μg/ml) 

need to be further explored.  Therapeutic drug monitoring may be beneficial and 

could play a major role in elucidating these reasons as well as serving as a tool to 

evaluate adherence.  The importance of sequential plasma measurements was 

highlighted in this study.  
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Table 1: Baseline and 6 months post- ART characteristics 

 Baseline (n=60) 6 Months post-ART 
(n=56) 

P Valuea  

AGE (years)     

Mean (± SD) 6.8 (2.90)   

Range  3 - 14   

GENDER    

Male, n (%) 31 (52) 29 (52)  

WEIGHT (kg)     

Mean (± SD) 20.19 (6.70) 21.59 (6.32) <0.0001 

Weight-for-Age-Z-Scoreb,c -1.35 (0.95) -1.21 (0.86) 0.0002 

HEIGHT (cm)    

Mean (± SD) 113.7 (17.94) 116.1 (16.50) <0.0001 

Height-for-Age-Z-Scorec -1.73 (1.06) -1.65(0.96) 0.004 

BSAd (m2)     

Mean (± SD) 0.80 (0.19) 0.83 (0.18) <0.0001 

Body mass index-for Age-Z-

Scorec 

-0.45 (1.04) -0.14 (0.91) 0.003 

Viral load (copies/ml)     

Median 52500 25 0.002 

Range  640-3,000,000 25-170,000  

a P Value < 0.05  denotes statistical significant difference.  
b Only calculated for children younger than 10 years as available on WHO Anthro 

software. 
 c Z-scores calculated using WHO Anthro and WHO AnthroPlus software. 
d BSA, body surface area.   
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Table 2: Efavirenz plasma concentrations (μg/ml) after 1, 3, and 6 months on ART 

 1 Month 3 Months 6 Months Total over 6  

months  

 PK1a PK2 a PK1 a PK2 a PK1 a PK2 a PK1 a PK2 a 

Number of 

patients n 

56b 58c 54d 54e 54f 52g 164 164 

Mean (± SD) 

time after dose 

(h)  

15.43 
(3.15) 

17.12

(3.08)

15.07
(1.15)

16.75

(1.22)

15.21
(1.03)

16.83 

(0.96) 

15.24 
(2.03) 

16.91

(2.03)

         

Median 

concentration 

(μg/ml) 

2.19 1.86 1.79 1.62 2.12 1.84 2.06 1.80 

         

Range (μg/ml) 0.25–
9.95 

0.21-

9.11 

0.54-
11.14 

0.55-

10.70 

0.10-
10.69 

0.14-

10.46 

0.10–
11.14 

0.14–

10.70 

         

1-4 μg/ml (%) 61 64 54 52 57 58 57 58 

         

> 4 μg/ml (%)  23 21 28 26 28 27 26 24 

         

<1 μg/ml (%)  16 16 18 22 15 15 17 18 
a PK1, Efavirenz concentration at time point 1. PK2, Efavirenz concentration at time 
point 2. 
b TB treatment (n=1); concentration > 12 μg/ml (n=1); Missing data (n=2).  
c TB treatment (n=1); concentration > 12 μg/ml (n=1).   
d TB treatment (n=4); concentration > 12 μg/ml (n=1); concentration < 0.094 μg/ml 
(n=1). 
eTB treatment (n=4); concentration > 12 μg/ml (n=1); concentration below < 0.094 
μg/ml (n=1).  
fTB treatment (n=4); concentration > 12 μg/ml (n=1); concentration < 0.094 μg/ml 
(n=1). 
g TB treatment (n=4); concentration > 12 μg/ml (n=1); concentrations < 0.094 μg/ml 
(n=2); Missing data (n=1).   
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ABSTRACT 

We investigated the CYP2B6 516G>T polymorphism in association with the EFV 

plasma concentrations in a longitudinal study at 1,3,6,12,18 and 24 months post-

HAART in 60 black South African HIV-infected children.   

23% (14/60) were T/T homozygotes, 42% (25/60) were G/G homozygotes and 35% 

(21/60) were G/T heterozygotes with the 516T allele frequency at 41%.  The total 

median (IQR) EFV plasma concentrations when pooled were, 6.36 (3.47 – 7.28) for 

T/T, 2.55 (1.62 – 3.59) for G/T and 1.41 (1.02 – 1.74) μg/mL for G/G groups 

respectively (P<0.00001).  The CYP2B6 516G>T polymorphism was consistently 

predictive of the Log EFV concentrations at all times.  EFV was well tolerated and 

most side effects subsided spontaneously, 89% of the participants were virally 

suppressed at 24 months post-HAART with no significant differences between the 

genotyped groups.  We found no association of the CYP2B6 516G>T polymorphism 

with side effects reported after 1 month of treatment within this study population.  

 
KEY WORDS 

Efavirenz, CYP2B6 516G>T, pharmacogenetics, antiretroviral therapy  
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INTRODUCTION 
The phase 1 cytochrome P450 2B6 (CYP2B6) isoenzyme is responsible for 

metabolizing several clinically important drugs including efavirenz (EFV) which is a 

key component of the backbone in highly active antiretroviral therapy (HAART) 

regimens.  EFV, a nonnucleoside reverse transcriptase inhibitor (NNRTI) is primarily 

metabolized by hepatic CYP2B6 and to a lesser extent by CYP2A6, CYP1A2, 

CYP3A5 and CYP3A4.1-2   CYP2B6 is characterized by extensive interindividual 

variability in hepatic expression and activity.3  Factors that contribute to 

interindividual variation are induction and inhibition of the CYP isoenzymes by 

chemicals or drugs, dietary components, gender differences, age and genetic 

polymorphisms.3-8 

The CYP2B6 gene is located on chromosome 19 and consists of 9 exons.9  It is 

highly polymorphic and genotyping for functional single nucleotide polymorphisms 

(SNPs) has been the focus in numerous studies.  The single nucleotide 

polymorphism CYP2B6 516G>T is located on exon 4, and is a marker of several 

haplotypes CYP2B6*6; *7; *9; *13; *19; *20; *26 and *29 

(http:/www.cypallelles.ki.se/cyp2b6.htm).    

The single nucleotide change, 516G>T, in CYP2B6 has consistently been associated 

with elevated EFV plasma levels in different ethnic populations which resulted in 

altered EFV metabolism in HIV-infected patients.4,10-19     

The homozygous CYP2B6 516T/T genotype is associated with reduced CYP2B6 

activity leading to higher EFV plasma concentrations and consequently more drug 

related side effects and toxicity.20  It has been reported in several studies conducted 

in HIV-infected adults that elevated EFV plasma concentrations are more frequently 

observed in populations of African descent due to known and yet to be discovered 

mutations in the CYP2B6 gene.4,10-14,21-23  The recommended therapeutic range of 

EFV plasma levels is 1-4 μg/mL24  and updated guidelines published in 2006 support 

the Cmin to be above 1 μg/mL.25   

The CYP2B6 516G>T polymorphism in HIV-infected children was investigated in 

Thai children26, a Dutch cohort27 and in Pediatric AIDS Clinical Trials Group 382 

(PACTG 382) which consisted mostly of black, Hispanic and white children. 28  In our 

study we investigated the influence of the CYP2B6 516G>T polymorphism in black 
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South African HIV-infected children on an EFV-based HAART regimen in a 

longitudinal study over a period of 24 months post-HAART initiation. 

RESULTS 
Subject demographics 

Sixty HIV-1 infected children were enrolled at baseline. All of the children were black 

Africans and 52% (31/60) were males.  The mean (±SD) age and weight was 6.8 

(2.9) years and 20.2 (6.7) kg respectively at baseline.  Patient characteristics are 

summarized in Table 1.  At baseline the distribution of gender (male vs. female) was 

equally distributed (χ2 test, P=0.99) with no statistically significant difference between 

the ages (Kruskal-Wallis, P=0.30) within the 3 genotype groups (CYP2B6 516G/T, 

T/T and G/G), nor did the mean age of the males vs. females 6.77 (2.67) and 6.89 

(3.12) years respectively, independent T-test, P=0.87) differ statistically.   

Kruskal-Wallis analysis revealed no statistical significant differences between 

baseline Log VL, CD4%, CD4-cell counts, ALT, weight, and length within the 3 

genotype groups.  All concomitant medication 7 days prior to the study visit was 

recorded and no known inducers or inhibitors of CYP isoenzymes were orally co-

administered within 4 weeks of any of the specified study visits.  

 

CYP2B6 516G>T polymorphism and EFV plasma concentrations 

Genotype results were available for all 60 participants (Table 1): 23% (14/60) were 

CYP2B6 516T/T homozygotes, 42% (25/60) were CYP2B6 516G/G homozygotes 

and 35% (21/60) were CYP2B6 516G/T heterozygotes and this was consistent with 

the Hardy-Weinberg equilibrium (χ2 test P=0.10).  The CYP2B6 516T allele variant 

frequency was 41%.   

Figure 1 reflects the repeated measures of the Log EFV plasma concentrations (2nd 

PK’s) for the 3 genotypes taken during mid-dose sampling at 1,3,6,12,18 and 24 

months post-HAART initiation.  Months post-HAART initiation (R1) nor the interaction 

(genotype*R1, F(10,190) = 0.77, P=0.65) influenced the Log EFV plasma 

significantly 1-24 months post-HAART.  However, genotype independently 

influenced the Log EFV plasma concentrations (P = 0.0001).  Therefore the total 

median (IQR) EFV plasma concentrations (average mean of each individual pooled 

over the 24 month period) were, 6.36 (3.47 – 7.28) for T/T, 2.55 (1.62 – 3.59) for G/T 

and 1.41 (1.02 – 1.74) μg/mL for G/G groups respectively (Figure 2).  The Kruskal-
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Wallis test indicated that there was a significant difference (H (2, N=60) = 25.74614, 

P < 0.00001) in EFV plasma concentrations between the three genotype groups.  

Additional multiple comparisons by groups were calculated (Figure 2) and the EFV 

plasma concentrations between the T/T and G/G (6.36 vs 1.41 µg/mL, P=0.000002) 

and between G/T and G/G (2.55 vs 1.41 µg/mL, P=0.009) showed significant 

differences.  However, the difference between the EFV plasma concentrations of the 

T/T and GT groups were not significant (6.36 vs. 2.55 µg/mL, P=0.074).    

Gender (independent T-test, P > 0.05) and the blood sampling time between the 3 

genotype groups (Kruskal-Wallis, P > 0.05) were not significantly different in terms of 

mean Log EFV concentrations at 1,3,6,12,18 and 24 months post-HAART.   

Persistent EFV levels > 4 μg/ml were measured for 10 patients at all 6 study visits of 

whom 8 (8/14, 57%) had the CYP2B6 516T/T genotype.  Persistent extraordinarily 

high EFV concentrations (> 14 μg/ml , reaching levels as high as 20.4 μg/ml at 17.3 

hours post-last dose at 18 months) were measured in one other patient (female, 44 

months at baseline) with the CYP2B6 516G/T genotype.  Despite the high plasma 

concentration levels in this patient no side effects were ever reported over the 24 

month follow-up period although ALT levels were mildly elevated at 6, 12 and 18 

months (45, 46 and 31 U/L respectively and at baseline it was 19 U/L).  Her 

medication was not returned at 4 of the 6 study visits. Only at the last 2 remaining 

visits was adherence monitored and this was acceptable based on pill counts 

performed. 

Associations with EFV plasma concentrations 

Genotype 

In the univariate and multivariate analysis, genotype was the only consistent 

independent variable that was predictive of the Log EFV plasma concentrations at 

each of the respective study visits post-HAART initiation (all P-values <0.006).  

Univariate and multivariate analyses of the 1 and 24 months post-HAART initiation 

are reflected in Tables 2 and 3.   

Virological and Immunological Response 

Viral load values lower than detectable (< 25 copies / mL) were recorded for 89% 

(47/53) of the children who completed the 24 month follow-up visit.  The remaining 

11% (6/53) had viral load levels ranging from 56 – 650 000 copies/mL at 24 months 

post-HAART initiation.  Virological “blips” were recorded for two individuals.     
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No statistically significant associations (univariate and multivariate analysis) were 

found at 24 months post-HAART between the Log EFV plasma concentrations and 

the Log VL (Tables 2 and 3). 

No statistically significant differences were observed between virological response 

(defined as plasma HIV RNA level < 25 copies/ml, χ2 P > 0.05), Log VL, CD4% and 

CD4 counts (Kruskal-Wallis, P = > 0.05) when compared between the 3 genotype 

groups at any of the 6 study visits post-HAART initiation.   

Side effects and reasons for changing EFV 

Very few mild side effects were reported in the first month post-HAART 

commencement (7% nightmares; 2% insomnia).  These subsided spontaneously and 

low grade transaminitis was reported in 11% of the patients at 6 months.30  The side 

effects reported at 1 month post-HAART were not predictive of the Log EFV plasma 

concentrations nor were there any differences in reported adverse events between 

the 3 genotype groups (χ2, P = 0.62 ).  For the remainder of the study the prevalence 

of reported side effects was very low.  One (1/53) patient (male with CYP2B6-

516G/G genotype) reported concentration problems in school at 13 months and EFV 

was switched on the insistence of the mother.  The regimen of a second patient 

(male with CYP2B6 516G/G genotype) was changed due to the development of 

gynecomastia (associated with stavudine and possibly EFV) at 7 months.  Grade 1 

(DAIDS criteria, 32-63 UL)29 transaminitis occurred in 9 % (5/53, 3 were T/T, 1 was 

G/T and 1 was G/G genotyped) of the patients at 24 months post-HAART initiation, 

only 1 patient was still taking co-trimoxazole.  Three patients presented with 

persistent low grade transaminitis during the duration of the study.  Two had the 

CYP2B6 516T/T genotype with persistent EFV concentrations > 4 µg/mL (1 to 24 

months) while a third patient (CYP2B6 516G/T genotype) also presented with EFV 

concentrations > 4 µg/mL from 12 to 24 months of the study. The median ALT values 

at 24 months post-HAART were not significantly different between the 3 genotype 

groups (Kruskal-Wallis, P=0.51), no association (P > 0.05) was found between the 

ALT and the Log EFV concentrations at 24 months post-HAART.    

Lipoatrophy and lipodystrophy were reported in 4% (2/55), 6% (3/51), 13 % (7/53) of 

the patients at 12, 18 and 24 months respectively and stavudine was substituted with 

abacavir in 5 patients at 12 and 18 months and for 1 patient at the actual 24 month 

follow-up.  Other reasons for changing EFV during the 24 months follow-up included 
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virological failure with development of NNRTI resistance mutations (n=4) and side 

effects (concentrations problems and gynecomastia) reported at 7 and 13 months 

respectively post-HAART initiation by 2 participants. 

Immune reconstitution inflammatory syndrome (IRIS) with related infections 

(primarily tuberculosis, 1 incident of oral thrush and molluscum contagiosum 

respectively) was reported for 8% (5/60) and 9% (5/54) of the patients at 1 and 3 

months post-HAART initiation.    

Adherence 

Most diary cards were never returned or were incomplete.  Adherence to EFV was 

assessed with pill counts.  Adherence to EFV was significantly predictive of the Log 

EFV concentrations only at the first month post-HAART initiation (P = 0.02).  

Adherence to EFV did not show any significant differences between the 3 genotype 

groups at any of the months post-HAART initiation (χ2, P>0.05).  

DISCUSSION 

To our knowledge, this is the first study to investigate the CYP2B6 516G>T 

polymorphism in association with six sequential EFV measurements over 24 months 

post-HAART initiation and the first in black HIV-1 infected South African children.  

The composition of our cohort was well distributed and well represented with regards 

to age, gender and clinical baseline values when compared between the 3 genotype 

groups.   

CYP2B6 516T/T homozygotes results reported for HIV-infected patients from African 

descent varied in several reports from 13%, 20%, 19%, and 12.3%,  and the 516T 

allele frequencies were 32%, 38%, 45% and 34% respectively.10-12,19  Our data are 

consistent with these previous reports with a large number (23%) of our participants 

genotyped as CYP2B6 516T/T homozygotes and the 516T allele frequency as 41%.  

It has been established that CYP2B6 516G>T polymorphism is associated with EFV 

metabolism variability and that the 516T allele is more common among Africans and 

is associated with elevated EFV exposure that can lead to toxicity.10-14,21   

 

Our data also confirmed that a significant difference in the EFV plasma 

concentrations occurred between the 3 genotypes at all of the 6 study visits (Figure 

2).   The pooled median EFV plasma concentrations were 6.36, 2.55 and 1.41 µg/mL 

for the T/T, G/T and G/G genotypes respectively over the 24 month follow-up period 
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and this compared well with published median plasma levels of efavirenz from HIV-

infected patients from African descent (Table 4).  The CYP2B6 516G>T 

polymorphism was also consistently predictive of the Log EFV concentrations at all 

times.   

 

Previous studies in adults reported that CNS side effects were associated with the 

CYP2B6 516T allele.11,17  Haas and co-workers reported that CYP2B6 516G>T could 

not be significantly associated with treatment failure in adults and findings by Saitoh 

and co-workers in children confirmed no associations between the CYP2B6 516G>T 

polymorphism and virological and immunological outcomes, toxicity or the 

development of viral resistance against EFV.21,28  Our results also confirmed no 

evidence of association of the CYP2B6 516G>T polymorphism with side effects 

reported after 1 month of treatment nor were any differences in the virological or 

immunologic response and ALT levels observed, between the 3 genotype groups at 

24 months.  Our results further confirmed that EFV is very well tolerated and that 

most side effects subsided spontaneously.  

 

Viral suppression (VL < 25 copies / mL) was reported for 89% of our study 

participants at 24 months post-HAART with no significant differences between the 3 

genotype groups.   Ribaudo and co-workers reported that the CYP2B6 516TT 

genotype may predict an increased risk of developing drug resistance among 

patients who discontinue EFV-containing regimens due to the long half-life of EFV.22  

Few of our patients developed virological failure and resistance genotyping was 

performed in 4 subjects during the 24 month follow-up period (all at different stages).  

We were unable to make an association between genotyping and treatment failure. 

Factors other than genetics may influence and cause variability in the 

pharmacokinetics of EFV including different dosage forms, drug-drug interactions, 

food interactions and most importantly adherence.  Our results however showed no 

difference between the adherences of the 3 genotype groups at any of the study 

visits, although adherence measured by pill counts was predictive of the Log EFV 

concentrations at 1 month post-HAART.  This is not unanticipated as most 

individuals and caregivers are likely to be more conscientious during the 

commencement of life-long treatment.  Although all effort was made to monitor 

adherence as best as possible in this outpatient scenario a large number of the study 
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participants did not return their medicines when required for the pill counts and this 

was experienced throughout the duration of the 24 month follow-up.     

Possible limitations of our study included the following.  Although CYP2B6 G516T is 

associated with EFV concentration variations other single SNPs and the effects of 

haplotypes (combinations) have been reported to influence EFV concentrations but 

were not investigated in this study.  However, Rodrigues-Novoa and co-workers 

provided evidence of the identification of a single mutation at c.516 G>T as the 

primary determinant for CYP2B6 haplotypes *6 and *7.15  Complete sequencing of 

the CYP2B6 gene in certain specific identified study participants will be undertaken 

in an additional future investigation.  Assessment of reported side effects during the 

first month post-HAART and general side effects reported during the study was not 

evaluated with a specific structured questionnaire and this may have resulted in the 

under reporting of side effects.  It is difficult to establish accurate reporting of side 

effects and to assess the different potential neuropsychological side effects of EFV in 

such young children as was the case in this cohort.   

 

While genotyping is unlikely to form part of the standard treatment of care in HIV-

infected patients its use as a research tool has demonstrated the benefit of 

genotyping in characterizing pharmacokinetic variability within populations.  In 

conclusion, results from our study confirm that the CYP2B6 516G>T polymorphism 

influences the EFV plasma concentrations significantly but that CYP2B6 516G>T 

polymorphism could not be associated with toxicity within this study population.  It is 

however important that clinicians be made aware of this phenomenon especially in 

resource limited countries where genotyping is too expensive to be carried out.  

Targeted TDM and vigilance for side effects in children who are initiated on EFV-

based therapy may be helpful in managing children and in considering the 

appropriate dose of EFV in paediatric populations. 

METHODS 
Subjects and study design 

In this prospective cohort study, 60 black children, both genders, with no prior 

exposure to antiretroviral therapy and eligible for ART (antiretroviral therapy) were 

included.  All attended the outpatient clinic at Harriet Shezi Children’s Clinic, Chris 

Hani Baragwanath Hospital, Soweto, South Africa.  ART eligibility was in accordance 
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with national guidelines for the management of HIV-infected children in South Africa.  

Ethics approval was obtained from the North-West University, Potchefstroom and the 

University of the Witwatersrand, Johannesburg.  If a participant became co-infected 

with tuberculosis they were withdrawn from the study and allowed to re-enter after 

completing the therapy for tuberculosis and following an additional 4 weeks wash-out 

period.  A successful antiviral response was defined as a viral load (VL) lower than 

the detectable 25 copies / mL at 6 months post-HAART.  A virological “blip” was 

defined as viral load measurement between 25 and 1 000 copies / mL preceded and 

followed by repeated measurement below 25 copies / mL.30   

EFV dosing and assay 

EFV in combination with 2 nucleoside reverse transcriptase inhibitors (lamivudine, 

stavudine or abacavir) was prescribed and the doses were based on weight banding.    

EFV was self-administered at night and two blood samples (PK1 and PK2) were 

taken at mid-dose interval (>12 hours post-last dose and at least 2 hours apart) at 

1,3,6,12,18 and 24 months post-HAART initiation.  Blood samples were determined 

by an adapted, optimized and validated LC/MS/MS method.30   

 

CYP2B6-516G>T gene polymorphism 
Genomic DNA was extracted from 1.5 ml whole blood using a FlexiGene DNA Kit 

(Qiagen, Hilden, Germany).  Genotyping of the target CYP2B6 516G>T gene 

polymorphism was amplified by polymerase chain reaction (PCR) using the forward 

primer 5’- GGTCTGCCCATCTATAAAC-3’ and the reverse primer 5’-

CTGATTCTTCACATGTCTGCG-3’.3  The reactions were performed in a total volume 

of 25 μL with 50 ng of genomic DNA.  The PCR conditions were: denaturation at 

95ºC for 3 min, amplification of 30 cycles at 95ºC for 30 s, 59ºC for 30 s, 72ºC for 1 

min and a final extension step at 72ºC for 10 min.  The PCR product (526 bp 

amplicon) was digested with FastDigest® BseNI (Fermentas Life Science, Burlington, 

Canada) for 10 min at 65ºC and 5 min 80ºC.  Digestion of the homozygous wild type 

516 G/G yielded three fragments of 23, 236 and 267 bp, the homozygous 516 T/T 

genotype yielded two fragments of 23 and 503 bp and the 516 G/T heterozygous 

yielded four fragments of 23, 236, 267 and 503 bp.  The assay was performed at the 

Laboratory for Applied Molecular Biology (LAMB), Faculty of Health Science, School 

of Pharmacy, North-West University, Potchefstroom Campus. 
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Adherence assessment and side effects 

Adherence assessments were done verbally, checked on pre-issued diary cards and 

measured adherence (pill counts) was required on each study visit or whenever a 

renewal or repeat prescription was dispensed.  Adherence for EFV was defined as 

good when the measured adherence was calculated as between 93% to 107%.  

Poor adherence was defined when the measured adherence was calculated as 

<93% or >107%.30  No structured questionnaire was used to report side effects, the 

physician’s notes and general questions asked by the principal investigator were 

used.   

Statistical Analysis 

Descriptive statistics were used to describe results as mean ± standard deviation 

(±SD), or median (IQR) for nonparametric data.  Logarithmic transformation was 

applied to the EFV plasma concentrations (Log EFV) and the viral load (Log VL).  

Repeated measures ANOVA (analysis of variance, least square means with 95% 

confidence interval) was used to investigate the statistical significant influence of 

time (1, 3,6,12,18 and 24 months post-HAART initiation) and the genotype (CYP2B6 

516 T/T; G/T; G/G) on the Log EFV plasma concentrations.  Only the second plasma 

sample (PK2’s) of each occasion was used in the analysis as the PK2’s were closer 

to the real time Cmin (trough levels).  It would not have been statistically acceptable to 

have used the mean value of PK1 and PK2 at each of the 6 occasions as these 

samples were not replicates.  The observed and expected alleles and genotype 

numbers were compared using the Chi-square (χ2) test for fit of the data to the 

Hardy-Weinberg equilibrium.  The Kruskal-Wallis test was used to investigate 

between-group comparisons of continuous variables and the χ2 test for categorical 

variables (gender, reported side effects post-1 month, adherence to EFV and 

virological failure).  Two variables were used to describe the CYP2B6 516G>T 

polymorphism by coding G/T and T/T as = 1 and G/G = 0, in the univariate and 

multivariate analysis.  Univariate analysis (adjusted R2 and P-value) was applied to 

identify which independent variables (age at baseline; gender; genotype; time after 

last dose; weight; length; dose; Log VL; alanine aminotransferase (ALT); CD4%; 

reported side effects post-1 month and adherence to EFV) influenced the Log EFV 

plasma concentrations at 1,3,6,12,18 and 24 months post-HAART.  P-value < 0.05 

was considered to be statistical significant.  Subsequent adjustments for genotype 
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and adherence to EFV in a paired-wise multiple linear regression model (adjusted R2 

and P-value) were then further applied at 1,3,6,12,18 and 24 months post-HAART, 

age at baseline, weight and height was added to the model for 24 months only.  

Statistical analyses were performed using Statistica® (StatSoft, Inc., version 9.0, 

Tulsa, Oklahoma, USA, www.statsoft.com).  The statistical analyses were done in 

consultation with the Statistical Consultation Services, North-West University, 

Potchefstroom Campus.  
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Table 1: Baseline, 3 and 24 months post HAART characteristics of study participants according to their genotype (CYP2B6 516 

G/G, G/T or T/T). 

 G/G G/T T/T p-Values All 

No. of subjects 25 21 14  60 

Genotype frequency % 42% 35% 23% 0.10  

Mean age (years) (± SD) 6.6 (2.8) 6.4 (3.1) 7.8 (2.5) 0.30 6.8 (2.9) 

Male sex 13 11 7 0.99 31 

Mean weight (kg) (± SD) 20.4 (7.6) 19.5 (6.6) 20.8 (5.3) 0.75 20.2 (6.7) 

Log VL median (± SD) 

Baseline 

3 Months 

24 Months 

 
4.86 (4.23-5.1) 

1.40 (1.40-1.40) 

1.40 (1.40-1.40) 

 
4.68 (4.32-5.30) 

1.40 (1.40-1.40) 

1.40 (1.40-1.40) 

 
4.45 (3.98-5.30) 

1.40 (1.40-1.40) 

1.40 (1.40-1.40) 

 

0.85 
0.60 
0.30 

 
4.72 (4.18-5.22) 

1.40 (1.40-1.40) 

1.40 (1.40-1.40) 

CD4% median (IQR) 

Baseline 

3 Months 

24 Months 

 
14.80 ( 9.29-18.50) 

22.20 (15.55-28.7) 

30.30 (25.10-36.20 

 
14.30 (9.00-21.20) 

25.95 (18.80-29.5) 

32.35 ( 25.80-36.8) 

 
14.35 (6.96-17.10) 

21.50 ( 10.40-27.70) 

30.35 (25.60-37.40) 

 

0.61 
0.71 
0.93 

 
14.40 (8.44-18.80) 

24.20 (14.50-28.80) 

31.40 (25.10-36.80) 

ALT level U/L median (IQR)  
Baseline 

3 Months 

24 Months 

 
19 ( 15-24) 

18 (17-24) 

18 (15-20) 

 
17 (14-24) 

23 (14-27) 

18 ( 13-22) 

 
18 (12-29) 

24 ( 17-30) 

21 (15-29) 

 

0.88 
0.41 
0.51 

 
18.50 (14.50-25.50) 

20.50 (16-27) 

18.5 (14-22) 

The P- values represent comparison between 3 genotypes.  The Chi (χ2) test was used for categorical values.  The Kruskal-Wallis test was used for continuous data.

123  
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Table 2: Univariate analysis (b*-coefficient; P-value) of log EFV plasma 

concentrations at 1 and 24 months post-HAART. 

Independent variables Log1PK2 
b*           P 

Log6PK2 
b*           P 

Genotype 0.40 0.002 0.48 0.0004 

Gender -0.05 0.73 -0.05 0.72 

Age (baseline) 0.18 0.17 0.32 0.02 

Time post dose -0.06 0.65 -0.10 0.50 

Dose 0.16 0.23 0.26 0.07 

Weight 0.12 0.36 0.30 0.03 

Height 0.16 0.25 0.32 0.02 

Side effects 
(1 month) 

-0.01 0.94 NT NT 

CD4% NT  0.28 0.06 

Log VL NT  -0.10 0.51 

ALT NT  0.27 0.06 

Adherence 0.37 0.02 0.16 0.27 

1PK2 (1 Month, 2nd PK); 6PK2 (24 Months, 2nd PK)  

b*, beta-coefficient.  NT, not tested.  
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Table 3: Multivariate regression model analysis (b*-coefficient, adjusted R2; P-

value) of log EFV plasma concentrations at 1 and 24 months post-HAART 

Independent variables Log1PK2 
b*       R2         P 

Log6PK2 
b*          R2           P 

Genotype 0.39 0.25 0.005 0.51 0.30 0.0002

Adherence 0.35 0.01 0.24 0.07 

Age (baseline)   0.65 0.06 

Weight   0.13 0.75 

Height   -0.50 0.37 

 

Genotype  0.48 0.26 0.0005

Age (baseline) 0.43 0.18 

Weight 0.16 0.70 

Height -0.30 0.59 

1PK2 (1 Month, 2nd PK); 6PK2 (24 Months, 2nd PK) 

b*, beta-coefficient.  adjusted R2, coefficient of determination 
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Table 4: Literature comparisons of median EFV plasma concentrations taken at 

mid-dose interval in HIV-infected patients according to their CYP2B6 

516G>T polymorphism 

Race Median EFV 
(µg/mL) G/G 

Median EFV 
(µg/mL) G/T 

Median EFV 
(µg/mL) T/T References 

Spanish / 
Adults 
n=100 

1.74 2.6 3.57 15 

Africans / 
Adults 
n=74 

1.8 2.3 6.3 19 

Ghanaians / 
Adults 
n=74 

1.3 1.6 8.3 12 

Thai / Children 
n=63 

1.6 (mean) 2.6 (mean) 11.6 (mean) 26 

Black South 
African  / 

Adults  
n=109 

1.6 2.1 5.9 10 

Black South 
African / 
Children  

n=60 

1.41 2.55 6.36 Current study 
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R1*Genotype; LS Means
Current effect: F(10, 190)=.77480, p=.65298

Vertical bars denote 0.95 confidence intervals
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Figure 1: Repeated measures ANOVA of the log efavirenz plasma concentrations 

over time (1, 3, 6, 12, 18 and 24 months) post-HAART initiation. 
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Figure 2: Pooled individual mean efavirenz plasma concentrations at 1, 3, 6, 12, 18 

and 24 months post-HAART initiation. 
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ABSTRACT 
Objective  To investigate the influence of CYP2B6 516G>T polymorphism, as a 

covariate and interoccasion variability (IOV) on the oral clearance (CL/F) of efavirenz 

(EFV) in treatment-naïve black South-African children over a period of 24 months 

post-antiretroviral therapy (ART) initiation. 

Methods  HIV-infected black children (n=60), no prior exposure to ART, eligible to 

commence ART and attending an outpatient clinic were enrolled into this study.  

Blood samples were taken at mid-dose interval at 1,3,6,12,18 and 24 months post-

ART initiation.  EFV plasma samples were determined with an adapted and validated 

LC/MS/MS method.  Genotyping of the CYP2B6 G516T target gene was performed 

with polymerase chain reaction – restriction fragment length polymorphism (PCR-

RFLP).  NONMEM was used for the population pharmacokinetic modelling. 

Results  EFV concentrations below 1 µg/mL accounted for 18% (116/649), EFV 

concentrations >4 µg/mL accounted for 29.5% (192/649) and concentrations within 

the therapeutic range (1-4 µg/mL) represented 52.5% (341/649) of all the samples 

determined. 

The covariates age, weight and CYP2B6 516 T/T, G/T and G/G genotypes were 

included in the final model with population estimates for CL/F determined as 2.46, 

4.60 and 7.33 L/h for the T/T, G/T and G/G genotype groups, respectively.   

Conclusions  The inclusion of both age and weight to predict accurate EFV CL 

values for the respective genotype groups within this paediatric population was 

required whereas the addition of gender and body surface area did not improve the 

predictions.  The importance of introducing IOV in a PK model for a longitudinal 

study with sparsely collected data was again highlighted by this investigation. 

 

Keywords:  Efavirenz, clearance, CYP2B6 516G>T, NONMEM 
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INTRODUCTION 
Efavirenz (EFV) a non-nucleoside reverse transcriptase inhibitor is part of the 

backbone of highly active antiretroviral therapy (HAART), first line regimen for 

children (> 3 years > 10 kg) together with lamivudine and stavudine in South Africa 

since 2005 [1].  Stavudine has since been substituted with abacavir in the first line 

regimen for children who are initiated on HAART [1].  

EFV is well absorbed after oral administration and peak plasma levels are reached 

within 5 hours.  It is highly (> 99%) bound to plasma proteins, predominantly albumin 

[2-4].  EFV is a substrate for cytochrome P450 (CYP P450) enzymes and an inhibitor 

and inducer of CYP P450.  EFV is primarily metabolised by the hepatic CYP2B6, to 

a lesser extent by CYP3A4 and more recent findings reported on the involvement of 

CYP2A6 [5-6]. As a result significant drug-drug interactions can and do occur [3,7-9].  

It was reported that EFV enhances its own metabolism during repeated 

administration [2,10,11] and high-fat content meals can increase the bioavailability 

[2,12]. 

The clearance of EFV is slow and it has an elimination half-life of 40 to 55 hours at 

steady state and 52-76 hours after single dose administration in adults [2].  This 

allows for once daily dosing which contributes to the advantage of convenience and 

better patient compliance [2-3].  EFV has been dubbed as “forgiving” of the 

occasional missed or delayed dose and this is due to its long half-life, potency, 

convenience and tolerability [13-14].  However, the clearance can be faster and the 

half-life shorter in children. The half-life calculated for children (n=48) in Burkina 

Faso (CL = 0.211l/h/kg; V = 4.48 l/kg) was 14.7 hours [15] and for children (n=11) in 

Germany, 12.93 hours [16].  The median estimated half-lives in HIV-infected adults 

genotyped as G/G, G/T and T/T at position 516 of CYP2B6 were 23 (IQR, 18-35), 27 

(IQR, 19-31) and 48 (IQR, 39-77) hours respectively [17].   

Variability in the pharmacokinetics of EFV were investigated and reported in 

numerous studies.  Unpredictable toxicity and efficacy can be attributable to inter-

individual variability.  High levels of inter-individual variability (coefficient of variation, 

CV%), ranging from 40 to 143% have been reported for EFV plasma concentrations 

in adults and children.  Intra-individual variability of EFV pharmacokinetics (PK) was 

shown to be far less with CV% below 30% [18-22].  Various factors such as 

environmental (drug-drug interactions, drug-food interactions, recreational drug 

intake) physiological (gender, age, disease states and pregnancy), non-adherence 
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and genetic factors (polymorphisms and mutations) can contribute to this variability 

[2,12,23-25].   

The CYP2B6 516G>T polymorphism is associated with slower EFV clearance, 

higher EFV plasma levels and increased CNS-related side effects [26-30]. 

Although various population pharmacokinetic studies of EFV in healthy adults [31], 

HIV-infected adults [17-18,26,28,32-34] and HIV-infected children [15,35] were 

published previously only a few of these studies investigated the influence of 

CYP2B6 516G>T polymorphism in HIV-infected adults [17,26,28] and in HIV-infected 

children [35]. 

The aim of this study was to investigate the influence of CYP2B6 516G>T 

polymorphism, as a covariate and interoccasion variability (IOV) on the oral 

clearance (CL/F) of EFV, in treatment-naïve black South-African children, after once 

daily (nocte) administration over a period of 24 months post-HAART initiation.  

 
METHODS 
Patients, dosing, study design and sampling 

This cohort included 60 black HIV-infected children, both genders, with no prior 

exposure to antiretroviral therapy (ART).  They all attended the outpatient clinic at 

Harriet Shezi Children’s Clinic, Chris Hani Baragwanath Hospital, Soweto, South 

Africa.  EFV was self-administered (based on weight banding - DOH 2005) at night 

and two blood samples (PK1 and PK2) were taken at mid-dose interval (12 hours 

post last dose and 2 hours apart) at 1,3,6,12,18 and 24 months post-ART initiation.  

Inclusion and exclusion criteria were previously described and no concomitant use of 

known inducers or inhibitors of the cytochrome P450 enzymes were reported during 

this study [22].  

ART eligibility was in accordance with national guidelines for the management of 

HIV-infected children in South Africa [1].  Written informed consent and assent were 

obtained from all participants and legal guardians.  Ethics approval was obtained 

from the North-West University, Potchefstroom and the University of the 

Witwatersrand, Johannesburg. 

EFV assay and genotyping 
Plasma samples were determined by an adapted, optimised and validated 

LC/MS/MS method as previously described [22].   
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Genotyping of the target CYP2B6 G516T gene was performed with polymerase 

chain reaction – restriction fragment length polymorphism (PCR-RFLP) method as 

previously described (Viljoen et al 2011 in review) 

Population pharmacokinetic model strategy and analysis 

The non-linear mixed effects modelling software program NONMEM (version 7 level 

1.2) with Intel® Visual Fortran Compiler version11.0 was used to perform the analysis 

[36].  The prediction-corrected visual predictive checks (pcVPC) were generated with 

the Perl speaks NONMEM (PsN) tool “vpc”, version 3.2.7 and the graphical 

presentations of the results were performed with Xpose, package, version 4.3.0 

using R, version, 2.12.0 [37-40].  The first-order conditional estimate method (FOCE) 

was used for all models tested during the model development.  Inter-individual 

variability was described by an exponential (θj =θ’exp η θj) error model, where θj is 

the estimate for a PK parameter in the jth individual as predicted by the model, θ’ is 

the population mean of the PK parameter, and the η θj represents the random 

variable with zero mean and variance ω2.  Residual variability was described by a 

combination of additive and proportional (Cij= C’
ij (1+ εprop,ij+ εadd,ij) error models.  Cij 

and C’
ij are the observed (Cij) and the predicted (C’

ij) efavirenz concentrations in the 

jth individual at time i, respectively and εadd,ij and εprop,ij are the additive and 

proportional errors, with zero mean and variances σ2
add and σ2

prop.   

Parameter estimation, model and covariate selection and validation 
The fixed effect PK parameters estimated were, apparent clearance (CL/F) and 

volume of distribution (V/F).  The absorption rate constant (ka) was fixed at 0.287 h-1 

[34], due to the sparse nature of the data in the absorption phase.  This value was 

chosen as it resulted in the lowest objective function value (OFV) and most realistic 

CL and V values after subsequent testing of a number of published ka-values ranging 

from 0.18 to 1.39 h-1 [15,18,26,28].   

The adequacy of the models was evaluated by the following methods:   

1) Bayesian maximum a posteriori estimation (POSTHOC option in NONMEM) 

between PK parameters and covariates [26,37].  

2) Diagnostic graphics approach analysis via generalized additive modelling (GAM) 

was obtained in Xpose package, version 4.3.0 (http://xpose.sourceforge.net/, using 

R, version 2.12.0, to test the effect of each covariate and to identify outliers [37-40].  
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3) In NONMEM the difference in OFV between two models was used to evaluate if 

an added covariate significantly improves the ability to predict the observed plasma 

concentration.  The difference in OFV between models is asymptotically chi-squared 

(χ2) distributed.  Differences were regarded as significant when the OFV decreased 

with 3.84 (P<0.05) or 6.63 (P<0.01) points for 1 additional parameter or 2 additional 

parameters respectively.  

4) Interoccasion variability (IOV) was taken into account as proposed by Karlsson et 

al (1993), [41] for the final model selection. 

5) A nonparametric bootstrap (n=200) method was generated in PsN, version 2.2.3 

to provide information on parameter uncertainty.   

6) pc-VPCs were used as informative diagnostic tools to allow inspection of model 

appropriateness across time as well as across covariate values [42].  

 
RESULTS 
Demographic results 

All of the 60 HIV-infected children enrolled at baseline were black Africans and 52% 

(31/60) were males.  The mean (±SD) age, weight and length were 6.8 (2.9) years, 

20.2 (6.7) kg and 113.7 (17.9) cm respectively.  All other relevant subject 

demographics and characteristics at baseline, 3 and 24 months were previously 

published [22 and Viljoen et al in review].   

EFV plasma concentrations 

The total number of measured EFV plasma concentrations (PK1 and PK2) taken 

over the 24 months post HAART initiation during this longitudinal study was 649.  

EFV concentrations below the targeted clinical level of 1 µg/mL accounted for 18% 

(116/649).  EFV concentrations >4 µg/mL accounted for 29.5% (192/649).  The EFV 

plasma concentrations within the therapeutic target range of 1-4 µg/mL represented 

52.5% (341/649) of all the samples.  

One patient with persistent EFV levels at extraordinary high levels (>14 µg/mL) led to 

biased covariate identification and this patient’s data was not included in the model 

building.  All plasma levels below the limit of quantification (0.094 µg/mL) were 

included in the model analysis.  However, plasma levels measured as 0 (in 4 

patients) were excluded as the pill counts performed was indicative of non-

compliance or in some cases due to admission of patient and or care giver that the 

medicine was not taken.  Plasma levels >12 µg/mL (upper limit of analytical linear 
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range) were diluted appropriately and re-analysed and results were included in the 

model building and population analysis. 

CYP2B6 516G>T polymorphism 
Genotyping results for all 60 participants were previously published (Viljoen et al 

2011 in review) with 23%, 42% and 35% being T/T homozygotes, G/G homozygotes 

and G/T heterozygotes respectively and the CYP2B6 516T allele variant frequency 

was 41%.   

Population pharmacokinetics 

A one-compartment model was implemented with ADVAN 2 and TRANS 2 

subroutines in NONMEM to describe the parameters CL/F and V/F.  

The inclusion of interoccasion variability (IOV) in the model was pronounced and 

resulted in a large reduction of OFV and it was decided to evaluate the covariates 

with IOV included in the model.  The population pharmacokinetic parameters 

estimates of EFV in the basic model (IOV included), final model and with 

bootstrapping are displayed in Table 1.   

In the final model (OFV=170) covariates age, weight and CYP2B6 516 G/G, G/T and 

T/T genotype were included.  The final population estimates for CL/F (RSE%) were 

2.46 (10%), 4.60 (13%) and 7.33 (8.7%) L/h for the T/T, G/T and G/G genotype 

groups, respectively.  The V/F (RSE%) was 89.5 L (11%).  The omission of age and 

weight from the final model increased the OFV by 17 and 7 units respectively.  When 

both age and weight were omitted (genotype included) the OFV was also increased 

by 7 units.  The difference between the OFV (dOFV) of the basic model (OFV=216) 

compared to the model with genotype (OFV=177) included was 39 units.  Genotype 

on CL/F therefore markedly improved the fit and CL/F was increased in the expected 

order.  Addition of relations for gender and body surface area did not improve the 

OFV significantly. 

 

Bootstrapping on the final model (weight, age, genotype and IOV) also confirmed 

that the model was stable.  The bootstrapping estimates for the parameters were 

very similar to the population estimates reflected in the final model (Table 1). 

Figures 1-3 represent the prediction and variance corrected VPCs for the three 

genotypes (Fig.1), age (Fig.2) and for weight (Fig.3). 
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DISCUSSION 
The aim of the present study was to investigate the influence of CYP2B6 516G>T 

polymorphism and IOV on the CL/F of EFV within this paediatric HIV- infected 

population.  This study contributes towards the knowledge of EFV population 

pharmacokinetics in HIV-infected children due to its longitudinal nature (24 month 

duration) with 6 follow-up visits post-ART initiation in EFV naïve children.  It is also 

the first study to our knowledge where the influence of genotyping on EFV clearance 

in black HIV-infected South African children was studied. 

The pharmacokinetics of efavirenz in HIV-infected patients were seemingly better 

described by a two-compartment model in the literature [33,43] but a large number of 

studies did assume one-compartment modelling [15,17-18,26,28,32,34-35].  Due to 

the design of the present study, sparse sampling with only two PK samples available 

in the elimination phase at each of the six study visits, the data was fitted by one-

compartment open-kinetic model with first-order absorption and elimination (FOCE).  

The lack of data in the absorption phase made it necessary to fix the ka value at 

0.287 h-1.  Other considerations for fixing the ka value were that a large number of 

the study population described by Kappelhoff and co-workers (2005b), were black 

adult South Africans [34].  Both Wade and co-workers and Cabrera and co-workers 

reported that the estimation of CL/F is not affected by the ka value [26,44].   

In this study the influences of several covariates (gender, age, weight, BSA and 

CYP2B6 516 G/G, G/T and T/T genotypes) and IOV were investigated by 

incorporating NONMEM.  Statistically significant improvement in the OFV was 

observed when IOV, genotype, weight and age were added to the model.   

Our study results concurred that no correlation was observed between gender and 

BSA and the CL/F or V/F of EFV.  Gender was shown not to affect CL, V and 

bioavailability of efavirenz in adults [10,18,32,45], however in a Zimbabwean adult 

population (n=74) the women had slower CL values compared to the males [28].   

The influence of age is contradictory in several studies.  In results not shown in this 

article we have found a linear relationship with improved bioavailability relative to a 

typical 7-year old with age.  Possible reasons could be that the hepatic enzyme 

activity at 7 years is similar to adult activity [46].  Saitoh and co-workers reported that 

the CL was significantly higher in children younger than 5 years [29].  In our study we 

did not distinguish between the different age groups, as discussed below.  
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However, when age without weight was added to the genotype model no 

improvement in OFV was observed, the OFV remained at 177.  A combination of 

age and weight was necessary for an improvement in the model fit.  Age was found 

to be related to the EFV disposition with similar relations for CL/F and V/F in our final 

model. 

In a study with comparison age demographics as this present study (6.5±2.5 years) 

ter Heine and co-workers (2008), reported that age did not influence CL in children 

(n=33, median 6.5 yrs (0.9-19)).  Whereas, Hirt and co-workers (2009) reported that 

CL decreased with age (Burkina Faso children, n=48, median 6.35 years (IQR, 2.77-

14.7) which was also reported by Wintergerst and co-workers (2008) in 33 children 

with median age 8.2 years (IQR, 2.1-16.7) [47].  Saitoh and co-workers (2007), 

reported that age and CYP2B6 G516T were independently associated with CL in a 

multivariate analysis.  The CL was higher in younger children < 5yrs with G/G than > 

5yrs (9.7 L/h/m2 vs 6.6 L/h/m2).  We did not distinguish between the different age 

categories in our study population.  The age (mean (SD) and median (IQR)) variation 

of our study participants at baseline was 6.8 (2.9) and 7 (4.5-9.0) years.   

As with age, the same phenomenon repeated with weight.  When only weight was 

added to the genotype model, no improve in the fit was observed.  When the 

combination of age and weight was added the OFV improved.  

Weight did not influence EFV PK parameters significantly in adults [18,26,32].  In 

studies with children weight did influence the CL of EFV in a linear body weight 

model [15,35].  The weight variation of our paediatric population was possibly not 

distributed over a wide range to have an effect by itself (baseline - median 18.94 kg 

(IQR: 14.85-24.00); post-24 months – median 25.13 kg (IQR: 19.25-28.60).  

Although the dosage of children is normally calculated according to BSA it was 

shown in our study that BSA did not influence the CL of EFV in this study.  However, 

our final population model showed that both age and weight should be included to 

predict accurate CL values for three genotype groups in this paediatric population. 

The mean CL/F of EFV from our basic model (4.86 L/h, 0.24 L/h/kg) compared 

favourably with results (0.19 L/h/kg, 0.21 L/h/kg, 0.26 L/h/kg and 0.30 L/h/kg,) from 

the literature in other children [35,47-48].   

Race/ethnicity and CYP2B6 516G>T polymorphism significantly influenced the CL of 

EFV in numerous studies performed in adults and children [17-18,26-28,32,34-

35,45].  The ethnicity of our population was homogenous and could therefore not be 
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introduced as a covariate.  When the respective CL/F parameters were calculated for 

the three genotype groups (516 T/T; G/T, G/G) an improvement in OFV was 

observed (dOFV=-39).  The inter-individual variability on CL decrease from 63 to 41 

% from the basic to the final model which compared favourable with most values 

(36.47%, 76%, 52.4%, 42%, 60%) from other studies that also employed NONMEM 

[26,28,35,32,34].   

Studies reporting on the CL values of EFV in poor, intermediate and fast 

metabolisers (CYP2B6 516T/T, G/T, G/G genotypes) respectively were 0.06, 0.10, 

0.13 L/h/kg in Zimbabwean adults (n=74) [28] and 3.0, 5.7 and 7 L/h/m2 in children of 

mixed race (n=71) [29].  When comparing our results (0.12, 0.23 and 0.37 L/h/kg) 

with the results from Zimbabwean adults (0.06, 0.10, 0.13 L/h/kg) it is evident that 

the clearance in children is much faster.  The only other study in children by Saitoh 

and co-workers (converted to L/h/kg with 20 kg) who also reported three CL values, 

0.14, 0.26 and 0.32 L/h/kg, compared well with the results from our study.  This also 

supports our results that the CL of EFV in children is faster compared to adults.  The 

higher CL values also correspond with the reported shorter half-lives of efavirenz in 

children. The half-life calculated for children (n=48) in Burkina Faso (CL=0.211 

L/h/kg; V=4.48 L/kg) was 14.7 hours [15] and for children (n=11) in Germany, 12.93 

hours [16].   

The VPCs (Figures 1-3) show that all the covariate effects are well captured in this 

final model although over prediction is observed with higher concentrations.  

It is documented in the literature that CL/F is the parameter most accurately 

predicted with NONMEM in routinely collected data.  Cabrera and co-workers (2009), 

stated that the wide range of V/F values reported in the literature could be due to 

sparsely collected data to predict the V/F parameters.  We also observed with not 

including IOV that the V/F (187 L, results not shown) had unrealistic RSE% on the 

inter-individual variation (44%(1500)).  However, when IOV was introduced into the 

model the scenario changed with a V/F value of 94.3 L and a reduction in inter-

individual variability to 37%.  This is more in line with published values of 100.5 L 

[16] and 89.6 L in children [15].  The importance of taking IOV into consideration was 

first described by Karlsson and Sheiner (1993), [41].  They argued that individual 

pharmacokinetics can change randomly over a period of time and it is important to 

take that into account.  Our study was conducted over 24 months and compliance is 
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always a challenge and that can also be accounted for in the interoccasional 

variability.   

The limitations of this study were: 

1) No full PK profiles were available for any of the patients. 

2) Assumption that this was a one-compartment pharmacokinetic model. 

3) All PK samples were taken at very similar time points around the mid-dose interval 

during the 6 various follow-up visits, resulting in no PK’s prior to 12hrs and very 

few between 20 and 24 hours post-last dose intake. 

In conclusion, this is the first study to our knowledge where a large number of 

children (n=60) were followed up for 24 months with sequential EFV PK levels and 

we were able to distinguish three different CL values for the CYP2B6 516G/G, G/T 

and T/T genotype groups.  The importance of introducing IOV in a PK model for a 

longitudinal study with sparsely collected data was again highlighted by this 

investigation. 
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Table 1: Efavirenz pharmacokinetic parameter estimates for basic (with IOV), final 

and bootstrap on the final model 

Parameters Basic Model  
(with IOV) 

Final Model 
Mean (RSE%) 

Bootstrap  
Mean (RSE%) 

OFV 216 170  

CL/F(L/h) 4.86 (7.5) 2.46 (10)  T/T 2.45 (13) 

  4.60 (13) G/T 4.59 (14) 

  7.33 (8.7) G/G 7.39 (7) 

V/F (L/20kg) 94.30 (14) 89.52 (11) 92.89 (14) 

Ka (h-1) 0.287 FIX 0.287 FIX 0.287 FIX 

Add error  0.108 (8.3) 0.107 (7) 0.106 (11) 

Prop error % 9.2(13) 9.3 (15) 8.9 (35) 

ωCL/F % 63 (18) 41 (28) 40 (30) 

ωV/F % 37 (63) 41 (51) 41 (53) 

IOVCL %  37(19) 37 (21) 

IOV; interoccasion variability     RSE; relative standard error    ω inter-individual variability  

Final model (Average child characteristics for this population: 20 kg, 7 years (84 months):  

CL/F (L/h) = θx*(WT/20)**0.75 * (AGE/7/12)**-0.6 with θx = θ1(T/T)  or  θ2 (G/T) or  θ3 (G/G) 

V/F (L) = θ4*(WT/20) * (AGE/7/12)**-0.6 
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Fig. 1  Prediction-corrected visual predictive checks (pcVPC) for the EFV plasma 
concentration (µg/mL) over time post-last dose for final model 
Geno1, T/T; Geno 2, G/T; Geno3, G/G.  Solid red line is the median observed plasma concentration (µg/mL), 
semitransparent red field is the simulated 95% confidence interval for the predicted median.  The observed 5% and 
95% percentiles are presented by the dashed red lines and the 95% confidence intervals for the predicted 
percentiles are shown in the semitransparent blue fields. 
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Fig. 2  Prediction-corrected visual predictive checks (pcVPC) for the EFV plasma 
concentration (µg/mL) vs. Age (months) for final model 
Solid red line is the median observed plasma concentration (µg/mL), semitransparent red field is the simulated 95% 
confidence interval for the median.  The observed 5% and 95% percentiles are presented by the dashed red lines 
and the 95% confidence intervals for the predicted percentiles are shown in the semitransparent blue fields 
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Fig. 3 Prediction-corrected visual predictive checks (pcVPC) for the EFV plasma 

concentration (µg/mL) vs. Weight (kg) for final model  
Solid red line is the median observed plasma concentration (µg/mL), semitransparent red field is the simulated 95% 
confidence interval for the median.  The observed 5% and 95% percentiles are presented by the dashed red lines 
and the 95% confidence intervals for the predicted percentiles are shown in the semitransparent blue fields 
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7.1 Introduction 
This chapter reports on results from the clinical trial (PK/PD.EFV.07), Population 

pharmacokinetic and pharmacodynamic study of efavirenz in HIV-1-infected 

children treated with first line antiretroviral therapy in South Africa, as set out in 

the primary and secondary objectives of Chapter 1.  The results presented here do 

not repeat the results, relevant discussions and conclusions as presented in the 

three manuscripts (Chapters 4-6) unless it was deemed necessary to project the 

results as a whole and to maintain a thread throughout this chapter. Some of the 

results (ANOVA and NONMEM) are explanatory and supportive to certain aspects 

presented in the manuscripts.  

Results and discussions included herewith are: 

i) LC-MS/MS validation and optimisation of efavirenz (EFV) in plasma. 

ii) Subject demographics and characteristics at baseline.  

iii) EFV plasma concentrations at 1-24 months post-HAART initiation.  

iv) CYP2B6 516G>T single nucleotide polymorphism (SNP).  

v) Comparative subject demographics and characteristics at baseline for the 

CYP2B6 516 G/G, G/T and T/T genotype groups.  

vi) CYP2B6 516 G/G; G/T and T/T genotype and repeated measures of EFV 

plasma concentrations.  

vii) Pharmacodynamics: Therapeutic outcomes of the EFV-based regimen 

(absolute CD4-cell counts; CD4%; viral loads (VL), alanine aminotransferase 
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(ALT)) 3-24 months post-HAART of the whole group and dependent on the 

CYP2B6 516 G/G, G/T and T/T genotype groups.  

viii) Correlation and association analysis EFV plasma concentrations and various 

dependent variables.  

ix) Population pharmacokinetic (PK) analysis of EFV as performed with 

NONMEM.  

7.2 LC-MS/MS Validation and Optimisation of Efavirenz in 
Plasma  

The LC-MS/MS method development, validation and optimisation of a selective, 

accurate and repeatable method were one of the primary objectives of this 

investigation.  Complete validation results are presented herewith; a brief summary 

of the method’s validation was also published in Viljoen et al., (2010). 

7.2.1 Linearity and Calibration 

The linear range of the EFV standards was between 0.094 – 12.000 µg/ml and the 

number of standards used in the calibration and regression analysis was 8 (L1 to 

L8). 

Raw data (mass spectrometry response and measured concentrations of all EFV 

standards (L1-L8)) obtained over eight working days were incorporated to calculate 

mean values (Table 7.1) for each level in the regression statistical analysis.  The 

calibration regression curve is presented in Figure 7.1.  
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Table 7.1: Regression statistical analysis data 

N Level EFV Stds 
(µg/ml) 

Mean EFV 
Abundance 

(m/z) 

Mean 
measured EFV
concentration

(µg/ml) 

Mean 
Accuracy % 

Min. - Max. 
Accuracy % 

 L0 0.000 0.00 0.000000   

13 L1 0.09375 1553.18 0.091689 97.80 83.67-110.18

13 L2 0.1875 3334.68 0.188058 100.30 93.16-108.26

13 L3 0.375 6975.38 0.376191 100.32 91.74-119.60

13 L4 0.75 14162.23 0.773567 103.14 94.35-110.28

13 L5 1.5 28229.95 1.456432 97.10 84.96-104.77

14 L6 3.000 60925.26 3.147074 104.90 96.05-113.96

13 L7 6.000 124230.2 6.112334 101.87 95.68-106.66

13 L8 12.000 272667.5 11.78496 98.21 93.57-105.23

Mean     100.46%  

SD     2.74%  

CV%     2.72%  

EFV, efavirenz.  m/z, mass/charge ratio.  Min., minimum.  Max., maximum  SD, standard deviation.  CV%, coefficient of 
variation           Validation 22/10/2008-31/10/2008 

The r2-value was 0.996 and the linear regression was, Y = 22789.01X - 3696.62. 

A very good positive linearity was obtained and linearity was significant 

(P<0.000001). 
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R = 0.9979, R2 = 0.9958, P = < 0.000001
Y = 22789.01X - 3696.62
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Figure 7.1: Regression curve of the mean efavirenz plasma standards (L1-L8). 

7.2.2 Calibration Uncertainties (standard errors) 

The following standard errors (SE) were calculated for the random calibration (Y/X), 

slope (m) and intercept (c): 

Random calibration uncertainty (Y/X) = 6297.53 

Uncertainty in slope (m) = 562.31 

Uncertainty in intercept (c) = 2577.21 

Since both standard error of slope (m) and standard error of intercept (c) were less 

than the standard error Y/X, it indicated that a good general selection of standards 

was applied.  The working range that was applied (0.094 - 12,000 µg/ml) proved to 

be adequate as the standard error of slope (m) was less than the standard error of 

intercept (c). 
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7.2.3 Limit of Quantification (LOQ) and Limit of Detection (LOD) 

The LOQ = 0.00001 µg/ml (SE = 0.024622) and the LOD = 0.000004 µg/ml (SE = 

0.024622).  It was, however, decided to use the more stringent set of guidelines 

and the LOQ was set at 0.094 µg/ml, corresponding to the lowest calibrant 

concentration in the linear range 0.094 – 12.000 µg/ml.  Therefore all concentrations 

that were less < 0.094 µg/ml were incorporated in the NONMEM analysis, the 

concentrations values determined as 0 were not included in the NONMEM analysis.  

All concentrations that were > 12.000 µg/ml were diluted and re-analysed. 

7.2.4 Precision: Repeatability and Reproducibility 

Inter-day (between days) repeatability and reproducibility were determined by 

injecting low, medium and high spiked concentrations (quality control, QC) over 8 

days (Table 7.2). 

Table 7.2: Inter-day repeatability and reproducibility of standards 

Day 
0.1875 µg/ml (L2)

(Relative 
Concentration) 

3.000 µg/ml (L6) 
(Relative 

Concentration) 

12.000 µg/ml (L8) 
(Relative 

Concentration) 

Mean 0.1859 3.1584 12.3713 

SD 0.0132 0.2137 1.1386 

% RSD 7.10% 6.77% 9.20% 

SD, standard deviation.       RSD, relative standard deviation.    Validation 22/10/2008-31/10/2008 

Intra-day (same day) repeatability and reproducibility were determined by injecting 

low, medium and high (quality control, QC) spiked concentrations three times per 

day for 3 days (refer to Table 7.3). 
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Table 7.3: Intra-day repeatability and reproducibility of standards 

Day 
0.1875 µg/ml (L2) 

(Relative 
Concentration) 

3.000 µg/ml (L6) 
(Relative 

Concentration) 

12.000 µg/ml (L8) 
(Relative 

Concentration) 

Day 1 

Mean 0.1866 2.9014 11.0892 

SD 0.0068 0.0258 0.2485 

% RSD 3.62% 0.89% 2.24% 

Day 2 

Mean 0.1632 3.3197 12.6031 

SD 0.0176 0.1277 0.3115 

% RSD 10.78% 3.85% 2.47% 

Day 3 

Mean 0.1834 2.9773 12.1415 

SD 0.0077 0.1763 1.3537 

% RSD 4.21% 5.92% 11.15% 

SD, standard deviation.       RSD, relative standard deviation.    Validation 22/10/2008-31/10/2008 

The % RSD of QC (0.1875, 3.000, 12.000 µg/ml) samples were acceptable as they 

were all less than 15% for both the inter-day and intra-day analyses performed.  The 

method is thus repeatable as well as reproducible. 

7.2.5 Stability of Efavirenz and Internal Standard (Midazolam) 

Stability was determined by injecting three QC samples (0.1875, 3.000, 12.000 

µg/ml) in triplicate directly after sample preparation and then repeated after 24, 48 

and 72 hours, while being kept at 4°C in the auto sampler tray. 

The respective accuracy values are reflected in Table 7.4. 
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Table 7.4: Accuracy (%) of EFV plasma samples stored at 4°C (auto sampler) 

for 24, 48 and 72 hours 

 Time in auto 
sampler 

L2 
Accuracy % 

L6 
Accuracy % 

L8 
Accuracy % 

Mean  

0 hr 

108.25 107.49 96.93 

SD 2.05 7.80 2.91 

RSD% 1.89% 7.26% 3.01% 

Mean  

24 hr 

99.12 111.60 93.77 

SD 1.12 3.53 0.61 

RSD% 1.13% 3.17% 0.65% 

Mean  

48 hr 

98.16 102.64 93.08 

SD 18.23 2.05 1.78 

RSD% 18.57% 2.00% 1.91% 

Mean  

72 hr 

106.07 97.85 91.5 

SD 2.4 4.39 1.04 

RSD% 2.26% 4.48% 1.14% 

SD, standard deviation.       RSD, relative standard deviation.    Validation 15/03/2010-18/03/2010 

The % RSD was within the validation criteria of ≤ 15% for all three levels after 24 

hours.  The % RSD for the lower concentration calibrant (L2, 0.1875 µg/ml) was 

outside this criterion at 48 hours.  Samples were stable for at least 24 hours, 

therefore all analyses were performed on samples in the auto sampler tray within 24 

hours. 

7.2.6 Sensitivity and Specificity 

The calibration sensitivity, slope (b) was 22789.01.  As b ≠ 0 the calibration 

sensitivity was acceptable. 

The specificity was determined by injecting the following commonly used drugs: 

amoxicillin, paracetamol, sulphamethoxazole, trimetoprim, lamivudine and stavudine.  

Lamivudine and stavudine were co-analysed with EFV on the same LC-MS/MS  
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method but were not validated within this method.  Their retention times are known 

as they overlap on the chromatograms of patient samples at 4.3-4.4 minutes not 

interfering with the EFV or internal standard (midazolam). 

Typical total ion chromatograms (TIC) of EFV and midazolam (internal standard, IS) 

of a plasma calibrant (L3, 0.375 µg/ml), patient, blank, double blank and a plasma 

sample spiked with amoxicillin, paracetamol, sulphamethoxazole, trimetoprim are 

represented in Figures 7.2-7.6.  The additional peaks shown at 4.3-4.4 minutes in 

the patient plasma sample (Figure 7.3) are the peaks of lamivudine and stavudine. 

 

 
Figure 7.2:  Efavirenz plasma calibrant (L3, 0.375 µg/ml) at 7.018 min. and 

midazolam (IS) at 6.670 min. 

 

 
Figure 7.3: Patient plasma sample (EFV = 5.30 µg/ml, at 7.056 min.) and IS (at 

6.718 min.). 
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Figure 7.4:  Blank plasma sample, IS (midazolam) at 6.709 min. 

 

 
Figure 7.5:  Double blank (no analyte or IS) plasma sample. 

 

 

Figure 7.6: Plasma spiked with amoxicillin, paracetamol, sulphamethoxazole, 

trimethoprim and IS (midazolam) at 6.71 min. 
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No interference was found by any of the tested substances and this method was 

specific for efavirenz. 

7.2.7 Accuracy 

The mean (SD%) accuracy of the calibrants (L1-L8) calculated over 8 working days 

(n=13) was 100.46% (2.74%) and the coefficient of variation (CV%) was 2.72% over 

the complete range (Table 7.1). 

The accuracy of the individual calibrants used in the daily calibration curves was 

between 83.67% and 119.60% for all of the calibrants.  Table 7.1 reflects the 

minimum and maximum accuracy (%) of each calibrant (L1-L8) over 8 working days. 

The accuracy did not deviate more than ± 20%.  This method was validated as 

accurate for the range: 0.094 – 12.000 µg/ml. 

7.2.8 Recovery 

Two plasma standards (high and low concentrations) were prepared according to the 

sample preparation (precipitated).  The standards were repeated three times, and 

injected into the LC-MS/MS system in triplicate.  The average abundance (mass 

spectrometry response) of the plasma standards for EFV was evaluated against the 

theoretical concentrations of unprecipitated water standards for EFV.  The recovery 

for two plasma standards (high and low concentrations) was 61.95% ± 5.86%.  The 

recovery was consistent and thus acceptable. 

7.3 Subject Demographics and Characteristics at Baseline 

Sixty-four (64) black HIV-1 infected study participants were prospectively recruited 

from the Harriet Shezi Children’s clinic, Chris Hani Baragwanath Hospital, Soweto, 

Johannesburg during June 2007 to March 2008.  Only sixty (60) study participants 

(both genders) were enrolled in the clinical trial (PK/PD.EFV.07). 

Reasons for not enrolling the other four recruited participants were: two (2) 

contracting TB, one (1) had received ART previously but did not disclose it at the 

time of consent and one (1) relocated to another city before the commencement of 

the first line regimen. 
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The mean age (SD) at baseline was 6.8 (2.9) years, the weight 20.29 (6.7) kg, height 

113.7 (17.94) cm, body surface area 0.80 (0.19) and 52% were males (Table 7.5).  

The baseline clinical results for VL, CD4%, CD4-cell count and ALT are reflected in 

Table 7.5. 

Table 7.5: Baseline demographic and clinical characteristics of study participants 

enrolled onto PK/PD.EFV.07 

 Baseline (n=60) 

AGE (years) Mean (± SD) 6.8 (2.90) 

GENDER Male, n (%) 31 (52) 

WEIGHT (kg) Mean (± SD) 20.19 (6.70) 

Weight-for-Age-Z-Score*# -1.35 (0.95) 

HEIGHT (cm) Mean (± SD) 113.7 (17.94) 

Height-for-Age-Z-Score# -1.73 (1.06) 

BSA (m2) Mean (± SD) 0.80 (0.19) 

Body mass index-for Age-Z-Score# -0.45 (1.04) 

VIRAL LOAD (VL) copies/ml 

Median (IQR range) 52 500 (14 500-172 500) 

Log Median (IQR range) 4.72 (4.18-5.20) 

CD4-CELL COUNT (x 106/L) 

Median (IQR range) 490 (211-657) 

CD4% 

Median (IQR range) 14 (8.44-18.80) 

Alanine aminotransferase (ALT) (U/L) 

Median (IQR range) 18.50 (14.5-25.50) 

BSA, body surface area.  IQR, inter quartile range. *Only calculated for children younger than 10 years as available on WHO  
Anthro software. # Z-scores calculated using WHO Anthro and WHO AnthroPlus software 

All relevant descriptive statistics related to Table 7.5 are presented in Addendum D1. 
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7.4 Efavirenz Plasma Concentrations at 1-24 Months Post-
HAART Initiation 

The results for the first 6 months were published in Manuscript A: “Efavirenz plasma 

concentrations at 1, 3 and 6 months post-HAART initiation in HIV type 1-infected 

South African children”, and is presented in Chapter 4. 

The EFV plasma concentrations of all the subjects over the 24-month period are 

briefly summarised in the following results and discussion section. The novelty and 

scientific contribution of this study was that ARV naïve patients were followed up for 

a period of 24 months with measured sequential EFV plasma concentrations at 1, 3, 

6, 12, 18 and 24 months post-HAART initiation. 

The median EFV plasma concentrations and the mean log transformed results of 

both the first (PK1) and the second blood samples (PK2) from 1-24 months are 

reported in Table 7.6.  The respective mean times post-last evening dose, weight, 

height and median EFV doses are also shown in Table 7.6.  All relevant descriptive 

statistics for all the PK1 and PK2, 1-24 months post-HAART, are presented in 

Addendum D1. 

Table 7.7 and Figure 7.7 represent the percentage levels within and outside the 

therapeutic range over the 24-month post-HAART initiation.  Gender comparison of 

the EFV plasma concentrations (1-24 months) is reflected in Table 7.8 

Missing data points and plasma levels below and above the relevant analytical linear 

range (0.094-12 µg/ml) were differently presented in Manuscript A, compared to the 

results reflected in Table 7.6-7.7 and Figure 7.7.  Very few missing data points (n=5) 

compared to the total number (n=649) of efavirenz plasma levels (PK1 and PK2) 

were recorded during the 24 month follow-up period and can thus be regarded as 

negligible.  All concentrations that were less < 0.094 µg/ml (n=6 samples from 4 

patients) were incorporated in the NONMEM analysis, the concentrations values 

determined as 0 µg/ml (n=10 samples from 4 patients) were not included in the 

NONMEM analysis. 
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Table 7.6: Median plasma and mean log transformed EFV concentrations (µg/ml) at each of the 6 follow-up study visits post-
HAART initiation 

 #1 Month #3 Months #6 Months 12 Months 18 Months 24 Months 

 1PK1 1PK2 2PK1 2PK2 3PK1 3PK2 4PK1 4PK2 5PK1 5PK2 6PK1 6PK2 

Median 
EFV 

(ug/ml) 

2.29 
(1.40-
3.77) 

1.86 
(1.29-
3.76) 

1.79 
(1.12-
4.35) 

1.62 
(1.03-
4.32) 

2.12 
(1.22-
4.77) 

1.78 
(1.12-
4.22) 

2.04 
(1.11-
4.47) 

1.94  
(0.90-
4.16) 

2.44 
(1.64-
5.61) 

1.99  
(1.33-
5.17) 

2.70 
(1.56-
5.94) 

2.70 
(1.42-
6.03) 

N 57 59 56 56 56 55 54 54 50 48 52 52 

Mean 
Log  EFV 
(ug/ml) 

0.36 
(0.40) 

0.31 
(0.40) 

0.32 
(0.45) 

0.27 
(0.48) 

0.34 
(0.44) 

0.31 
(0.45) 

0.32 
(0.51) 

0.28 
(0.53) 

0.46 
(0.38) 

0.41 
(0.40) 

0.47 
(0.46) 

0.42 
(0.46) 

Na 57 59 56 56 55 54 52 52 49 47 51 51 

Mean 
Time  (hr) 

15.58 
(3.15) 

17.15 
(3.06) 

15.08 
(1.14) 

16.78 
(1.21) 

15.20 
(1.02) 

16.84 
(0.94) 

15.65 
(3.08) 

17.26 
(3.44) 

15.62 
(3.44) 

17.81 
(3.54) 

15.06 
(1.12) 

17.26 
(1.08) 

Median 
Dose 
(mg) 

250 (200-300) 250 (250-300) 300 (250-325) 300 (250-350) 300 (250-350) 300 (250-350) 

Mean 
Weight 

(kg) 
20.33 (6.85) 20.79 (6.58) 21.59 (6.62) 22.56 (7.11) 23.91 (7.26) 25.27 (7.71) 

Mean 
Height  
(cm) 

114.05 (17.64) 114.65 (16.91) 116.12 (16.51) 119.18 (15.56) 122.95 (15.98) 125.78 (15.70) 

 
Median (IQR, 25% - 75%). Mean (±SD). Concentrations > 12 ug/ml were diluted appropriately and reanalysed. 
Concentrations = 0 were not included for the log analysis and therefore Na values will differ from N values as a log plasma concentration (Log 0) cannot be calculated.  The actual missing efavirenz 
plasma values over the 24 month follow-up period accounted for n= 5 which is negligible compared to the total number (n=649) of samples. 
Concentrations > 0 < 0.094 ug/ml were not included as they were outside the linear detection range. 
# Please note that some of the values for 1-6 months will differ from the published data (Manuscript A) as plasma concentrations greater than 12 ug/ml were diluted appropriately and reanalysed 
and included in Table 7.6 but were excluded from Table 2 (Manuscript A). 
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Table 7.7: Percentage EFV plasma concentrations within and outside the therapeutic range (1-4 µg/ml) 

 1PK1 1PK2 2PK1 2PK2 3PK1 3PK2 4PK1 4PK2 5PK1 5PK2 6PK1 6PK2 Total 
PK1 

Total 
PK2 

TOTAL 
PK1+PK2 

<1 
µg/ml 16% 15% 19.5% 23% 16% 18% 24% 26% 10% 13% 13% 19% 54/325 

16.5% 
62/324 
19% 

116/649 
18% 

>4 
µg/ml 24.5% 22% 27% 27% 29% 27% 33% 33% 34% 31% 37% 33% 99/325 

30.5% 
93/324 
29% 

192/649 
29.5% 

1-4 
µg/ml 59.5% 63% 53.5% 50% 55% 55% 43% 41% 56% 56% 50% 48% 172/325 

53% 
169/324 

52% 
341/649 
52.5% 

All EFV plasma concentrations outside of the linear range (0.094-12 µg/ml) were included in these calculations. 
% values of 1,3 and 6 months (1PK1; 1PK2; 2PK1; 2PK2; 3PK1; 3PK2) data will be slightly different from Manuscript A data (Table 2) where all data outside linear range were excluded. 
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Figure 7.7: All efavirenz plasma concentrations (1st and 2nd PK’s) taken at 1-24 months post-HAART vs. time post-last dose. 
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Table 7.8:  Comparison of male vs. female mean log EFV plasma (PK2’s) 

concentrations (µg/ml) at 1, 3, 6, 12, 18 and 24 months post-HAART 

 Mean Log EFV plasma (PK2’s) concentrations (µg/ml) 

 Log 
1PK2 

*P Log 
2PK2 

*P Log 
3PK2 

*P Log 
4PK2 

*P- Log 
5PK2 

*P- Log 
6PK2 

*P- 

Male 0.30 0.73 0.25 0.68 0.25 0.34 0.28 0.99 0.39 0.82 0.40 0.73 

Female 0.33  0.30  0.37  0.28  0.42  0.44  

* P-value, Independent T-test (groups) 

EFV plasma concentrations greater than 4 µg/ml represented 29.5%, 1-4 µg/ml 

represented 52.5% and less than 1 µg/ml represented 18% of all the 649 samples 

taken during mid-dose interval at 1-24 months post-HAART initiation.  These results 

were in line with the results for the first six months as reported in Manuscript A (25% 

>4 µg/ml; 58% between 1-4 µg/ml and 17% <1 µg/ml).  Although only 52.5% of the 

mid-dose interval plasma samples were within the therapeutic range the proportion 

of concentrations <1 µg/ml (18 %) was in comparison with other studies also 

performed in children, 8.8% (Wintergerst et al., 2008), 13% (Puthanakit et al., 2009) 

and 11% (ter Heine et al., 2008).  Von Hentig et al., (2006) and Ren et al., (2007) 

reported 40% and 64% of their EFV plasma concentrations to be less than 1 µg/ml, 

but both these studies were performed with a very small number of children (n=15  

and n=11 respectively) and only once-off cross sectional mid-dose concentrations 

were analysed.  Bearing in mind that 23% of our study population were genotyped 

with the CYP2B6 516 T/T allele (slower metabolisers, refer to § 7.5.1), it is to be 

expected that a large (29.5%) number of the EFV plasma concentrations would be 

greater than 4 µg/ml as was the case over the 24 months post-HAART initiation.  

Correlation and association analyses of EFV plasma concentrations and reported 

side effects from this study were addressed in Manuscripts A and B (Chapters 4 &5) 

and under § 7.7.1 to 7.7.2. 

The gender results comparison showed a trend that the mean log EFV 

concentrations (PK2’s) were slightly higher for the females compared to the males, 

however no statistically significant differences (independent T-test, P>0.05) were 

observed at any of the six follow-up study visits post-HAART initiation (Table 7.8) 

between the genders within this paediatric study population.  Other studies also 



Chapter 7: Additional Results & Discussions 
 

165 

reported that gender did not influence the EFV plasma concentrations in adults 

(Pfister et al., 2003; Csajka et al., 2003; Kwara et al., 2009; Ngaimisi et al., 2010). 

However, two studies did report that adult African women had significantly higher 

EFV plasma concentrations compared to their male counterparts and subsequently 

reported more side effects (Burger et al., 2006; Nyakutira et al., 2008). 

7.5 CYP2B6 516G>T Single Nucleotide Polymorphism and 
Efavirenz Plasma Concentrations Over Time 

7.5.1 CYP2B6 516 G/G, G/T and T/T Genotyping 

Genotyping was performed on the isolated DNA samples of the 60 study participants 

to investigate whether some of the inter-individual variation in the EFV plasma levels 

(§7.4) could be explained by this single nucleotide polymorphism (SNP) on the 

CYP2B6 gene. 

The genotyping results for the CYP2B6 516G>T polymorphism in the study 

participants are shown in Table 7.9 and discussed in Manuscript B (Chapter 5).  The 

Chi-squared (χ2) test was performed between observed and expected frequencies to 

fit data to the Hardy-Weinberg equilibrium (HWE).  The proportions were found to be 

consistent with the HWE (P=0.10), a value <0.05 is an indication that data are not 

consistent with HWE. 

Table 7.9: Genotype results and frequencies of CYP2B6 516G>T polymorphism 

Genotypes Observed 
Numbers 

Expected 
Numbers 

Observed 
Frequency 

Homozygote (G/G) reference 25 21 41.66% 

Heterozygote (G/T) 21 29 35% 

Homozygote variant (T/T) 14 10 23.33% 

Variant allele frequency (516T) = 0.41 (41%) χ2 test P value = 0.10 

The high 516 T-allelic variant of 41% from our black paediatric South African 

population corresponds well with results from studies in other African-American and 

African descent populations which varied from 32% to 49% (Cohen et al., 2009; 
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Haas et al., 2004; Klein et al., 2005; Kwara et al., 2009; Wyen et al., 2008).  An in 

depth discussion and association analysis is presented in Manuscript B (Chapter 5). 

The genotyping results were obtained as follows: the amplification of the target 

amplicon with conventional polymerase chain reaction (PCR) as described in 

Chapter 3 (§ 3.4.2.2) yielded a PCR product of 526 base pairs (bp), refer to Figure 

7.8.  This 526 bp product was then fast digested (FastDigest® BseNI) and fragment 

length polymorphism (FLP) analysis yielded: 

i) 3 fragments of 23, 236 and 267 bp for the homozygous wild type 516 G/G,  

ii) 4 fragments of 23, 236, 267 and 503 bp for the heterozygous 516 G/T and  

iii) 2 fragments of 23 and 503 bp for the homozygous 516 T/T (variant) refer to 

Figure 7.9. 

 
Figure 7.8: Gel electropherograms of the amplified 526 bp PCR product (CYP2B6 

516G>T) of six DNA patient samples on 2% agarose gel. 

 
Figure 7.9: Gel electropherograms of the fast digested 526 bp and FLP analysis 

of the CYP2B6 516G>T genotypes (T/T, G/G and G/T) of four DNA 

patient samples on 3% agarose gel. 
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The 23 bp fragments are only very slightly visible at the bottom of each of the 

respective genotypes (T/T; G/G; G/G; G/T) in Figure 7.9, depending on the gel 

running time and time of UV exposure. 

7.5.2 Comparative Subject Demographics & Characteristics at 
Baseline for the CYP2B6 516 G/G; G/T; T/T Genotypes 

When considering that, within this study population, three distinct groups (fast, 

intermediate and slow metabolisers) based on the CYP2B6 516 G/G, G/T and T/T 

genotyping can be identified, it becomes important to compare the relevant baseline 

characteristics of the three respective genotype groups before any scientific 

conclusions can be drawn. 

Table 7.10 presents the comparative baseline demographics and clinical 

characteristics of the three respective CYP2B6 516 G/G, G/T and T/T genotype 

groups. 

All relevant descriptive statistics and corresponding box and whisker plots of 

baseline demographics and clinical characteristics of the three respective groups are 

presented in Addendum D1. 

It is evident from Table 7.10 that the physical and clinical characteristics (VL; CD4-

cell count; CD4%, ALT) among the respective CYP2B6 516 G/G, G/T and T/T 

genotype groups at baseline were not statistically different (Kruskal-Wallis, P>0.05). 
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Table 7.10: Comparative baseline demographic and clinical characteristics of the 

CYP2B6 516 G/G, G/T and T/T genotype groups 

CYP2B6 
516G>T 

516 G/G Genotype 
(n=25) 

516 G/T Genotype
(n=21) 

516 T/T Genotype 
(n=14) P 

AGE (years) 

Mean (± SD) 6.6 (2.8) 6.4 (3.1) 7.8 (2.5) 0.30 

GENDER 

Male, n (%) 13 11 7 0.99 

WEIGHT (kg) 

Mean (± SD) 20.4 (7.6) 19.5 (6.6) 20.8 (5.3) 0.75 

HEIGHT (cm) 

Mean (± SD) 113.9 (18.2) 112.1 (19.7) 115.9 (15.6) 0.68 

VIRAL LOAD (copies/ml) 

Median (IQR 
range) 

73 000  
(17 000-130 000) 

48 000  
(21 000-200 000) 

23 000  
(9 500-130 000) 0.85 

CD4-CELL COUNT (x 106/l) 

Median (IQR 
range) 460 (241-648) 536 (245-775) 501 (176-580) 0.69 

CD4 % 

Median (IQR 
range) 

14.80  
(9.29-18.50) 

14.30  
(9.00-21.20) 

14.35  
(6.96-17.10) 0.61 

ALANINE AMINOTRANSFERASE (ALT) ( U/l ) 

Median (IQR 
range) 19 ( 15-24) 17 (14-24) 18 (12-29) 0.88 

IQR, inter quartile range. P-value < 0.05 denotes statistical significant difference. The P values represent comparison between 
3 genotypes.  Chi (χ2) test was used for categorical data. 

7.5.3 CYP2B6 516 G/G; G/T; T/T Genotype & Repeated Measures of 
Efavirenz Plasma Concentrations 

The prevalence and impact of CYP2B6 516G>T polymorphism in black South 

African HIV-infected children on efavirenz-based antiretroviral therapy (Manuscript 

B) are presented in Chapter 5.  The focus in Manuscript B was on the log EFV 

plasma concentrations of the second PK’s (1-24 months) only as they were the 
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nearest to the true trough level (Cmin).  The results of the log PK2’s (Manuscript B) 

are repeated here to provide continuity to these results and discussions. 

All relevant descriptive statistics on all the EFV and log EFV concentrations of both 

the PK1’s and PK2’s sampled during mid-dose intervals at 1, 3, 6, 12, 18 and 24 

months post-HAART initiation for the three genotyped groups are presented in 

Addendum D1. 

The graphical repeated measures (PK1’s and PK2’s) of all the EFV and log EFV 

concentrations are presented in Figure 7.10 (A1-2:PK1’s; B1-2:PK2’s).  In order to 

pool all the EFV concentration data together it was necessary to investigate what the 

influence of the interaction (months post-HAART R1 * genotype) was on the plasma 

EFV concentrations within these three genotyped groups.  The graphical 

presentations (Fig.7.10) and the P-values (Table 7.11) illustrate the influence of 

genotype, months post-HAART initiation (R1) and the interaction between 

R1*genotype on the EFV plasma and log EFV plasma concentrations.  It is evident 

from Table 7.11 that genotype independently influenced the EFV plasma and log 

EFV plasma concentrations significantly (P=0.001 (PK1); P= 0.00001 (log PK1); 

P=0.001 (PK2); P= 0.0001 (log PK2)).  Table 7.11 shows that neither months post-

HAART initiation (R1) nor the interaction (R1*genotype) influenced the EFV plasma 

or the log EFV plasma concentrations (P > 0.05) of the PK1’s or PK2’s taken at 1-24 

months.  Therefore the individual EFV plasma concentrations (PK1’s and PK2’s) 

were pooled to obtain the mean individual EFV plasma concentrations and are 

presented in Figure 7.11 (A&B).  The Kruskal-Wallis test indicated that there were 

statistically significant differences (P < 0.00001) in the EFV plasma concentrations 

for both the PK1’s and PK2’s between the three genotypes (1-24 months post-

HAART).  Additional multiple comparisons by groups were calculated and the 

respective P-values between the three genotype groups are shown on Figure 7.11.  

The EFV plasma concentrations for both the PK1’s and PK2’s were significantly 

different between the T/T and G/G groups (6.96 vs. 1.63 µg/ml, P = 0.000002 for 

PK1’s; 6.36 vs. 1.41 µg/ml, P = 0.00002 for PK2’s).  The EFV plasma concentrations 

for both the PK1’s and PK2’s were also significantly different between the G/T and 

G/G groups (2.82 vs. 1.63 µg/ml, P = 0.01 for PK1’s; 2.55 vs. 1.41 µg/ml, P = 0.009 

for PK2’s).  However, no statistically significant differences were evident between the 
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EFV plasma concentrations for both the PK1’s and PK2’s of the T/T and G/T groups 

(6.96 vs. 2.82 µg/ml, P = 0.059 for PK1’s; 6.36 vs. 2.55 µg/ml, P = 0.074 for PK2’s), 

this could possibly be contributed to the outlier values (n=14, re-analysed after 

dilution as the values were >12 µg/ml) that were not excluded from the G/T analysis.  

This is an indication that the presence of the 516 T-allele at CYP2B6 is responsible 

for higher EFV plasma concentrations (corresponding to intermediate and slow 

metabolisers) when compared to the wild type (516G/G) genotype which is the faster 

metabolisers.  Table 2.8 (refer to § 2.4.4.2) provides a summary of comparative EFV 

plasma concentrations determined at mid-dose interval in various patients from 

different study populations that have been identified as CYP2B6 516 G/G, G/T and 

T/T genotypes.  It is clear from this summary that our results compare well to results 

obtained from African descent populations and that the differences in EFV plasma 

concentrations between G/G and T/T genotypes are greatly significant among all 

populations that were investigated.  Manuscript B (Chapter 5) refers to the 

differences in EFV plasma exposures between the three genotypes (PK2’s) and 

comparisons were made to other relevant published data. 
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Figure 7.10: Repeated measures ANOVA of efavirenz plasma (A1:PK1 & B1:PK2) and the log EFV plasma (A2:PK1 & B2: PK2) 

concentrations 1-24 months post-HAART initiation. 
 

R1*Genotype; LS Means
Current effect: F(10, 195)=.64966, p=.76977

Effective hypothesis decomposition
Vertical bars denote 0.95 confidence intervals
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Current effect: F(10, 190)=.77480, p=.65298
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Vertical bars denote 0.95 confidence intervals
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Table 7.11: The influence of genotype, time post-HAART (R1) and the interaction 

(R1* Genotype) on the efavirenz plasma and log efavirenz plasma 

concentrations with repeated measures ANOVA 

EFV 
concentrations PK1’s Log PK1’s PK2’s Log PK2’s 

Genotype 
P-value 0.001 0.00001 0.001 0.0001 

R1 (Time) 
P-value 0.06 0.20 0.17 0.39 

Interaction: 
R1*Genotype 

P-value 
0.77 0.64 0.77 0.65 

 

 

Additional multiple comparison tests by groups as the Kruskal-Wallis test P<0.00001.  No outlier data points (G/T) were 
excluded from these calculations 

Figure 7.11:  Individual mean efavirenz plasma concentrations µg/ml (1-24 months 

combined) for PK1’s and PK2’s.  

Figure 7.12 (A&B) reflects the repeated measures ANOVA, of the time post-last 

evening dose (in hours) of EFV for both the first blood sample (PK1) and the second 

blood sample (PK2), 1-24 months post-HAART for the three genotype groups.  The 

specific design of the study and the scheduled visits took place at specified times.  In 

the majority of the cases the study participants reported to the clinic on time from 

08:00 to 09:00 and were then taken for the various blood PK samples.  The mean 

Kruskal-Wallis test: H ( 2, N= 60) =25.74614, P < 0.00001
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time post-last dose for the PK1’s only varied slightly from 15.06 to 15.65 hours and 

for the PK2’s, 16.78 to 17.81 hours, over the 24 months post-HAART initiation.  The 

median time post-last dose for the PK1’s also varied minimally from 14.96 to 15.05 

hours and for the PK2’s, 16.58 to 17.33 hours, over the 24 months post-HAART 

initiation.  Figure 7.13 (A,B &C) shows the repeated measures ANOVA of weight 

(kg), height (cm) and the EFV night time dose (mg), 1-24 months post-HAART 

initiation for the three genotype groups.  It is evident from these graphs and Table 

7.12 that the months post-HAART initiation (R1) independently increased the weight, 

height and EFV night time dose significantly (P < 0.000001).  This was, however, 

expected as the children were growing and thriving post-HAART initiation and they 

should naturally grow and gain weight over 24 months and subsequently increase in 

the EFV dose.  Although the LS means of the weight, height and consequently the 

EFV night time dose of the T/T genotype group were consistently higher than those 

of the G/T and G/G genotype groups, no statistically significant differences (p > 0.05) 

between the three genotype groups were evident for any of these variables over the 

24 months post-HAART initiation.  The mean weight and height values of the T/T 

genotype group at baseline (Table 7.10) was slightly higher compared to the G/T and 

G/G groups to begin with.  The interaction (genotype* R1) did not affect any of these 

three variables (weight, height and EFV night time dose) significantly (P = 0.29, P = 

0.41 and P = 0.29 respectively). 



Chapter 7: Additional Results & Discussions 
 

174 
 

 

 

 

 

Figure 7.12: Repeated measures ANOVA of time post-last efavirenz dose for PK1’s & PK2’s (1-24 months post-HAART 

initiation). 

R1*Genotype; LS Means
Current effect: F(10, 195)=.88912, p=.54437

Effective hypothesis decomposition
Vertical bars denote 0.95 confidence intervals
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Figure 7.13: Repeated measures ANOVA of weight, height and EFV night time dose 1-24 months post-HAART initiation. 
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Current effect: F(10, 220)=1.1968, p=.29428
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Vertical bars denote 0.95 confidence intervals
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Table 7.12: The influence of genotype, months post-HAART initiation (R1) and the 

interaction on the weight, height and EFV nocte dose, 1-24 months 

post-HAART initiation (repeated measures ANOVA) 

 Weight (kg) Height (cm) EFV nocte dose (mg) 

CYP2B6 516 
Genotype T/T G/T G/G T/T G/T G/G T/T G/T G/G 

LS Means 24.471 20.852 21.325 124.81 115.03 116.29 315.28 277.60 275.44 

Genotype 
P-values P > 0.05 P > 0.05 P > 0.05 

R1 (Months) 
P-values P < 0.000001 P < 0.000001 P < 0.000001 

Interaction 
(R1*Genotype) 

P-values 
P = 0.29 P = 0.41 P = 0.29 

LS, least square 

7.6 Pharmacodynamic Outcomes of Efavirenz-Based 
Regimen, 3-24 months post-HAART Initiation 

It is important to emphasise that these pharmacodynamic outcomes are the result of 

the HAART combination which includes EFV, lamivudine and stavudine. 

7.6.1 Immunological and Virological Marker Results: 3-24 months 
post-HAART Initiation (independent of genotype groups) 

The prognostic value of immunological markers (CD4-cell counts and CD4%) and 

virological markers (viral load) are important in clinical practice to evaluate and 

monitor treatment response or progression of the HIV infection (Grabar et al., 2000; 

Anastos et al., 2004; Moore et al., 2009).  However, in children, the percentage of 

CD4-cells (CD4%) expressed as a total of all lymphocytes is considered the best 

indicator of immunodeficiency provided that the lymphocyte count is not very low 

(NDoH, 2010). 

Table 7.13 shows the mean (SD) and median (IQR) results of absolute CD4-cell 

count; CD4%; viral load (VL) and alanine aminotransferase (ALT) values recorded at 

3, 6, 12, 18 and 24 months post-HAART initiation.  Cholesterol and triglyceride tests 
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were only performed at 24 months post-HAART initiation and did not form part of the 

routine 6-monthly testing by the Department of Health guidelines for the 

management and care of HIV in children (NDoH, 2005).  All descriptive statistics 

relevant to these clinical markers are presented in Addendum D1. 

A comparative dependent (paired) T-test was performed to investigate the change of 

absolute CD4-cell count, CD4%, VL, log VL and ALT from baseline to 24 months 

post-HAART initiation within this study population (independent of genotype 

distinction).  The Box and Whisker plots in Figure 7.14 (A & B) show that the 

immunological markers (absolute CD4-cell count and CD4%) drastically increased (P 

< 0.005) from baseline to 24 months post-HAART initiation within this study 

population.  The VL and log VL values decreased significantly (P < 0.005), Figure 

7.14 (C & D), from baseline compared to 24 months.  Figure 7.15 depicts the 

comparative results of ALT at baseline and 24 months, indicating that the ALT values 

did not significantly (P = 0.36) change over the 24-month period post-HAART 

initiation. 

This marked improvement in the clinical (immunological and virological) markers is 

supportive of many other clinical studies that have shown that EFV-based regimens 

are effective in improving the immunological status and viral suppression in HIV 

infected adults and children (Starr et al., 1999; Starr et al., 2002; Staszewski et al., 

1999; Riddler et al., 2008; Ruiz, 1999; Gulick et al., 2004; Marzolini et al., 2001).  

Comparable results of VL values in other studies were 90% <50 copies/ml after 48 

weeks (Staszewski et al., 1999), 63% <50 copies/ml after 48 weeks (Starr et al., 

1999), 89% <200 copies/ml after 32 weeks (Gulick et al., 2004), 67% <50 copies/ml 

after 96 weeks (Scherpbier et al., 2007) and 89% <50 copies/ml after 96 weeks 

(Riddler et al., 2008) of EFV-based treatment.  In our study at 24 months, 89% 

(47/53) of the children had VL values lower than the detectable 25 copies/ml (Viljoen 

et al., 2011 under review, Manuscript B).  Virological suppression, treatment failure 

and side effects reported from this study were addressed in the manuscripts 

reflected in Chapters 4 and 5.  However, Table 7.14 provides additional information 

on eleven (n=11) study participants that were not virally suppressed (VL <25 

copies/ml) at 6 months and onwards post-HAART initiation. 
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Table 7.13: Clinical marker results at 3, 6, 12, 18 and 24 months post- HAART 
initiation (independent of CYP2B6 516 genotype) 

 N* Mean SD Median IQR (25%) IQR (75%) 

3 Months post-HAART 

CD4-cell count 52 663.0 376.8 602.00 404.50 913.0 

CD4% 52 22.1 9.3 24.15 14.50 28.8 

Viral load (VL) 55   25.00 25.00 25.0 

ALT 54 23.2 10.5 20.50 16.00 27.0 

6 Months post-HAART 

CD4-cell count 53 678.7 365.5 624.00 370.00 865.0 

CD4% 53 24.7 8.6 24.80 19.10 29.7 

Viral load (VL) 56   25.00 25.00 25.0 

ALT 56 23.9 12.4 21.00 16.50 26.0 

12 Months post-HAART 

CD4-cell count 54 788.6 400.4 723.50 535.00 1029.0 

CD4% 54 27.0 7.8 28.10 22.10 32.3 

Viral load (VL) 55   25.00 25.00 25.0 

ALT 55 21.9 11.7 19.00 14.00 27.0 

18 Months post-HAART 

CD4-cell count 51 805.4 342.1 744.00 613.00 921.0 

CD4% 51 29.6 7.8 29.40 25.10 34.2 

Viral load (VL) 51   25.00 25.00 25.0 

ALT 49 20.7 10.6 17.00 16.00 23.0 

24 Months post-HAART 

CD4-cell count 51 823.6 299.4 809.00 590.00 986.0 

CD4% 51 30.5 7.5 31.40 25.10 36.8 

Viral load (VL) 53   25.00 25.00 25.0 

ALT 50 19.7 8.2 18.50 14.00 22.0 

Cholesterol 52 3.9 0.8 3.85 3.30 4.5 

Triglycerides 52 1.1 0.4 1.00 0.80 1.4 

* Reasons for inconsistent N- values were insufficient blood samples or clotted blood samples and could therefore not be 
tested.  SD, standard deviation.  IQR, inter quartile range.  ALT, alanine aminotransferase  
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Figure 7.14: Dependent (paired) T-test of clinical markers compared at baseline and at 24 months post-HAART initiation for CD4-
count (A), CD4%(B), viral load (C) and log viral load (D). 
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Figure 7.15: Dependent (paired) T-test of ALT at baseline compared to 24 months 

post-HAART initiation. 

Re-testing of VL for five participants (26-32 months post-HAART and after the study 

monitoring ended) were performed to exclude possible viral “blips” and it was 

confirmed that the VL values of two participants were indeed only “blips” (refer to 

Table 7.14). 

Table 7.14: Characteristics of patients with VL >25 copies/ml during the 24 month 
follow-up period 

Subject 
Months 
post- 

HAART 
VL  

(copies/ml) 
EFV 

(PK2)  
(μg/ml) 

Genotype Adherence 
to EFVa 

Resistance 
testb 

VL (26-32 
months post- 

HAART) 
9TK 24 270 2.80 GT Good  49 

12LS 6 
12 

780 
56 

1.01 
0.45 GG Poor  

Poor ND  

16HN 18  
 24 

84 000   
2 000 

2.60 
0 GT MNR 

Poor Yes  

19SS 12 990 0 TT Poor Yes  

24TMc 6 
12 

170 000  
2 100 

0  
0.46 GG MNR Yes  

35KNc 6 
12 

2 800   
23 00 

<0.094 
0 GT MNR d  

48SSc 6 3 100 1.73 GG MNR Yes  
54PM 24 1 300 7.97 TT Poor No <25 
59TP 24 61 4.31 GT Good No 116 
63TM 24 650 000 0.70 GG Poor No <25 
64NM 24 56 3.96 GT Poor No 312 

a Refer to manuscript (Chapter 4 and 5) for more information on definition of adherence to EFV. 
b Resistance testing did not fall within the scope of the objectives of this PhD.  Resistant tests were performed by CLS/NHLS. 
c No viral load (VL) < 25 copies/ml were ever reached during their participation within this study 
d Lost to follow up prior to resistance testing.   ND – not done as regimen was changed due to concentration problems, 13  
 months post-HAART initiation and prior to resistant test.  MNR – medicines not returned for pill counts. 

 Median 
 25%-75% 
 Min-Max 

19.00 18.5019.00 18.50

Baseline  24 Months
0

20

40

60

80

100

120

140

160

180

A
la

ni
ne

 tr
an

sf
er

as
e 

(A
LT

) U
/L

19.00 18.50

P = 0.36



Chapter 7: Additional Results & Discussions 
 

181 
 

7.6.2 Repeated Measures of Immunological and Virological Markers 
of the CYP2B6 G/G, G/T and T/T Genotypes 

Repeated measures ANOVA with least square (LS) mean values were used to 

graphically present results of absolute CD4-cell count, CD4% and ALT values 

recorded at 3, 6, 12, 18 and 24 months post-HAART initiation for the three genotype 

groups.  Repeated measures for the VL results could not be presented since no 

analysis of variance existed from 3 months onwards as both the median and IQR 

(25% and 75%) were at 25 copies/ml. 

Table 7.15 reflects the LS mean values of absolute CD4-cell counts, CD4% and ALT 

and the respective P-values of the influence of genotype, months post-HAART 

initiation (R1) and the interaction (R1*Genotype) on these variables.  It is evident 

from Table 7.15 and Figure 7.19 (A-C) that neither genotype nor the interaction 

(R1*Genotype) influenced (P > 0.05) the absolute CD4-cell counts, CD4% and ALT 

values as they were similar over time within the three genotype groups.  However, 

months post-HAART initiation (R1) independently influenced the absolute CD4-cell 

count, CD4% and ALT values of the genotype groups across the board significantly 

(P < 0.0001), refer to Table 7.15.  It is also evident from Figures 7.16 A&B that the 

CD4-cell counts and CD4% values increased over time for all three genotype 

groups.  This was supported by the dependent T-test (Figure 7.14) results that CD4-

cell count and CD4% increased significantly within the whole group from baseline to 

24 months post-HAART. 

Table 7.15: The influence of genotype, months post-HAART initiation (R1) and the 
interaction (R1*Genotype) on the absolute CD4-cell counts, CD4% and 
ALT over 24 months post-HAART initiation (repeated measures 
ANOVA) 

 Absolute CD4-cell counts CD4% ALT 
CYP2B6 516 

Genotype T/T G/T G/G T/T G/T G/G T/T G/T G/G 

LS Means 690.51 758.64 758.85 26.77 26.37 26.66 27.33 22.4 18.4 
Genotype 
P-values P = 0.80 P =0.99 P = 0.07 

R1 (Months) 
P-values P < 0.0001 P < 0.0001 P < 0.00001 

Interaction 
(R1*Genotype) 

P-values 
P = 0.60 P = 0.78 P = 0.36 

LS, least square   ALT, alanine aminotransferase 
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It was established at baseline (Kruskal-Wallis tests in Table 7.10) that the VL, log VL, 

CD4-cell counts, CD4% and ALT values did not show any significant statistical 

differences between the CYP2B6 516 G/G, G/T and T/T genotype groups.  Additional 

Kruskal-Wallis tests were performed at 3, 6, 12, 18 and 24 months for each of these 

respective variables and also showed no statistically significant differences between 

the genotype groups for the VL, CD4-cell counts and CD4% values (all P values > 

0.05) at any of the months post-HAART initiation.  For the ALT values at 12 months 

the genotype did influence the ALT values (P = 0.04). However, when tested with 

multiple comparisons between the three genotype groups no statistically significant 

differences (P > 0.05) were observed between the three respective groups (Figure 

7.20B).  The various median (IQR) values of each of these variables at 3, 12 and 24 

months post-HAART initiation are presented in Figures 7.17-7.20. 
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Figure 7.16: Repeated measures ANOVA of absolute CD4-cell counts; CD4% and ALT during 3-24 months post-HAART 

initiation for CYP2B6 516 G/G, G/T and T/T genotypes 
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No beneficial clinical outcome benefit nor treatment disadvantage was established 

between the CYP2B6 516 G/G, G/T and T/T genotype groups as the efficacy of this 

EFV-based treatment did not affect the three genotype groups differently and they 

showed similar improvement in the immunological (CD4-cell count and CD4%) 

markers and reduction in the viral load values among the three genotype groups 

over the 1-24 months post-HAART initiation.  Haas and co-workers (2005) and 

Saitoh and co-workers (2007) also reported that no significant differences were 

found between the CYP2B6 516 G/G, G/T and T/T genotypes and their respective 

immunological and virological responses.  The efficacy of this EFV-based regimen 

supports previous reports that the CD4-cell count, CD4% and VL were significantly 

improved from baseline at different months post-HAART initiation (Gulick et al., 

2004; Riddler et al., 2008; Ruiz, 1999; Scherpbier et al., 2007; Starr et al., 1999; 

Staszewski et al., 1999). 

This EFV-based regimen was well tolerated by the majority of this study’s 

participants over the 1-24 months post-HAART initiation.  Correlation and 

association analyses of EFV plasma concentrations and reported side effects from 

this study were addressed in Manuscripts A and B (Chapters 4 & 5) and under § 

7.7.1 to 7.7.2.  Various studies could not establish an association with EFV plasma 

concentration and CYP2B6 516G>T polymorphism and toxicity (Ramachandran et 

al., 2009; Rotger et al., 2005; Saitoh et al., 2007).  Several studies did, however, 

report association of CYP2B6 516 T/T with CNS toxicity (Haas et al., 2005) whereas 

some studies reported an increase in the prevalence of side effects, especially CNS 

related which correlated with EFV plasma levels greater than 4 µg/ml (Cohen et al., 

2009; Marzolini et al., 2001; Puthanakit et al., 2009; Gounden et al., 2010).  Results 

from our study could not corroborate that an association existed between high EFV 

plasma levels and reported side effects, specifically 1 month post-HAART. 
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Figure 7.17: Box and Whisker plots of median viral load (VL) values of the three genotype groups (G/G; G/T; T/T) at 3, 12 and 24 

months post-HAART initiation. 

KW-H(2,55) = 1.0361, P = 0.5957
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Figure 7.18: Box and Whisker plots of median CD4-cell count values of the three genotype groups (G/G; G/T; T/T) at 3, 12 and 

24 months post-HAART initiation. 

KW-H(2,52) = 0.4299, P = 0.8066
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Figure 7.19: Box and Whisker plots of median CD4% values of the three genotype groups (G/G; G/T; T/T) at 3, 12 and 24 

months post-HAART initiation. 

KW-H(2,52) = 0.6872, P = 0.7092
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Figure 7.20: Box and Whisker plots of median ALT values of the three genotype groups (G/G; G/T; T/T) at 3, 12 and 24 months 

post-HAART initiation 
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7.7 Correlation and Association Analysis between Plasma 
Efavirenz Concentrations and Dependent Variables  

The relationship between plasma EFV concentrations and certain dependent 

variables was investigated by correlation, univariate and multivariate methods. 

Although two plasma levels (PK1 and PK2) were taken at each study visit at mid-

dose intervals, the decision was made to use only the second plasma concentration 

(log PK2) values for each of the respective study visits (1, 3, 6, 12, 18 and 24 

months) in the correlation and associations analysis.  The second plasma level 
(PK2) were closest to the actual Cmin (trough) level and would thus be more 

relevant in the correlation and association analysis compared to the first level (PK1) 

taken 1-2 hours earlier.  The respective PK1 and PK2 from each study visit were 
not replicates from each other and it would thus be statistically inappropriate to 
have used the mean value of PK1 and PK2.  

7.7.1 Correlation Analysis 

Spearman’s correlation analysis (non-parametric) were performed on the EFV 

plasma concentrations and related variables, refer to Manuscript A (Chapter 4).  

Correlation analysis of the log EFV plasma concentration data (parametric) were 

performed with Pearson’s correlation.  Table 7.16 reflects the respective r-values for 

each of the variables correlated with the log EFV plasma concentrations.  Marked 

(asterisk*) correlations that were significant (p < 0.05) are shown in Table 7.16. 

Genotype consistently correlated positively with the log EFV concentrations at each 

of the respective study visits, indicating that the T/T and G/T (denoted as = 1) 

genotyped individuals had higher log EFV plasma concentrations than the G/G 

(denoted as = 0) genotype individuals.  This was previously confirmed with the 

repeated measures results discussed in this chapter (refer to § 7.5.3).  Other positive 

correlations were with age, weight and height at 24 months only, log VL at 3, 6 and 

12 months and ALT at 6 and 18 months. 
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Table 7.16: Pearson’s correlation values 

Log EFV 
conc. vs. 
variables 

Log EFV 
(Mnth1) 

Log EFV 
(Mnth3) 

Log EFV 
(Mnth6) 

Log EFV 
(Mnth12) 

Log EFV 
(Mnth18) 

Log EFV 
(Mnth24) 

Genotype 0.40* 0.47* 0.51* 0.40* 0.56* 0.48* 

Age 
(baseline) 0.18 0.08 0.25 0.17 0.02 0.32* 

Gender -0.05 -0.06 -0.13 0.00 -0.03 -0.05 

Dose 0.16 0.01 0.23 0.11 0.05 0.26 

Weight 0.12 -0.05 0.20 0.08 -0.02 0.30* 

Height 0.16 0.04 0.21 0.11 -0.03 0.32* 

Log VL ND -0.60* -0.33* -0.40* -0.00 -0.09 

ALT ND -0.00 0.35* 0.24 0.49* 0.27 

Adherence 0.36* 0.21 0.17 -0.20 -0.05 0.16 

CD4% ND 0.16 -0.02 0.12 0.07 0.28 

EFV, efavirenz                       conc., concentration     ND, not tested at 1 month post-HAART 

7.7.2 Association Analysis 

Univariate and multivariate regression analyses were performed to investigate the 

contributions of various independent variables on the log transformed EFV plasma 

concentrations at 1, 3, 6, 12, 18 and 24 months post-HAART initiation.  The 

respective adjusted R2 and P-values at each of the month’s post-HAART are shown 

in Tables 7.17-7.18. 

Only associations of independent variables with P-values < 0.05 (bold and italic in 

Table 7.17) were used and built into the subsequent multivariate regression model 

(Table 7.18).  Adjustments for genotype; log VL; ALT and adherence to EFV were 

applied to the multiple regression model with the respective adjusted R2 and P-

values at 1, 3, 6, 12, 18 and 24 months post-HAART shown in Table 7.18.  The 

influence of weight and height was introduced at 24 months post-HAART as the 

Pearson’s correlation values were only significant at 24 months for these variables. 
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The respective mean (±SD) contribution of the influence of genotype on the log EFV 

plasma concentrations in the multivariate analysis model was 42.83% (4.71%) and 

varied from 38% to 49% over the six study visits (1-24 months post-HAART) when 

the model was adjusted for genotype; log VL; ALT and adherence to EFV (results not 

shown in Table 7.18).  The coefficients of determination (adjusted R2) for this 

multivariate model were 0.25, 0.55, 0.27, 0.31, 0.43 and 0.24 (Table 7.18) for the 

respective month’s post-HAART.  It is clear that genotype was consistently 

associated with a large influence on the log EFV concentrations at each of the 

respective study visits within this model adjusted for genotype; log VL; ALT and 

adherence to EFV.  Genotype was also the most important covariate in the 

NONMEM analysis (refer to § 7.8.1.2) 
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Table 7.17: Univariate regression analysis (b*-coefficient; P-value) of the second EFV PK level 

Independent variables Log EFV (Mnth1) 
b*                  P 

Log EFV (Mnth3) 
b*                  P 

Log EFV (Mnth6) 
b*                   P 

Log EFV (Mnth12) 
b*                  P 

Log EFV (Mnth18) 
b*                 P 

Log EFV (Mnth24) 
b*                 P 

Genotype 0.40 0.002 0.47 0.0002 0.51 < 0.0001 0.40 0.004 0.55 0.0001 0.48 0.0004 

Gender -0.05 0.73 -0.05 0.68 -0.13 0.34 0.001 0.99 -0.03 0.82 -0.05 0.72 

Age (baseline) 0.18 0.17 0.08 0.56 0.25 0.07 0.17 0.24 0.02 0.89 0.32 0.02 

Time post- dose -0.06 0.65 -0.10 0.44 -0.17 0.23 0.16 0.26 -0.09 0.55 -0.10 0.50 

Dose 0.16 0.23 0.01 0.92 0.23 0.10 0.11 0.45 0.05 0.72 0.26 0.07 

Weight 0.12 0.36 -0.05 0.73 0.20 0.15 0.08 0.58 -0.02 0.91 0.30 0.03 

Height 0.16 0.25 0.04 0.79 0.21 0.12 0.11 0.44 -0.03 0.82 0.32 0.02 

Side effects (1 month) -0.01 0.94           

CD4% ND  0.16 0.26 -0.02 0.91 0.12 0.39 0.07 0.62 0.28 0.06 

Log VL ND  -0.60 < 0.0001 -0.33 0.01 -0.40 0.003 -0.004 0.98 -0.10 0.51 

ALT ND  -0.0006 0.99 0.35 0.01 0.24 0.10 0.49 0.001 0.27 0.06 

Adherence 0.37 0.02 0.21 0.18 0.17 0.35 NI  -0.05 0.80 0.16 0.27 

Cholesterol           0.12 0.42 

Triglyceride           0.003 0.98 

  b* - beta coefficient           ND – not tested at 1 month post-HAART          NI – not included in univariate analysis, missing adherence data due to not returning medicines for medicine checks 
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Table 7.18:  Multivariate regression model analysis (b*-coefficient; P-value) of the second EFV PK level 

Independent 
variables 

Log EFV (Mnth1) 

b*                  P 
Log EFV (Mnth3) 

b*                     P 
Log EFV (Mnth6) 

b*                  P 
Log EFV (Mnth12) 

b*                  P 
Log EFV (Mnth18) 

b*                    P 
Log EFV (Mnth24) 

b*                  P 

Genotype 0.39 0.005 0.46 0.0001 0.39 0.02 0.39 0.003 0.49 0.001 0.46 0.0008 

Log VL  ND -0.61 <0.0001 -0.20 0.21 -0.42 0.0007 0.02 0.87 -0.02 0.89 

ALT  ND 0.07 0.50 0.21 0.20 0.10 0.43 0.44 0.004 0.21 0.11 

Adherence 0.35 0.01 0.05 0.62 0.12 0.43  NI -0.17 0.24 0.17 0.22 

             

Genotype           0.42 0.002 

Log VL           -0.06 0.67 

ALT           0.21 0.10 

Adherence           0.12 0.38 

Weight           0.02 0.97 

Height           0.23 0.59 

b* - beta coefficient                                                                           ND – not tested at 1 month post-HAART  

NI – not included in multivariate analysis
 model, missing adherence data due to not returning medicines for medicine checks 
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7.8 Population Pharmacokinetics (PK) Analysis of 
Efavirenz Performed with NONMEM 

The influence of interoccasion variability (IOV) and covariates CYP2B6 516G>T 

polymorphism, age and weight on the population pharmacokinetics of efavirenz in 

HIV-1-infected South African children is presented in a pro-forma article (Manuscript 

C, Chapter 6) intended for submission and peer review. 

The results and discussions presented herewith are explanatory to the steps and 

methods used in building up to the final PK model presented in Manuscript C. 

7.8.1 Additional NONMEM Analysis 

The population PK model strategy and analysis, parameter estimations (CL/F and 

V/F), error models and covariate selections were reported and discussed in 

Manuscript C.  A one-compartment model with first-order conditional estimate 

(FOCE) method was implemented.  The ADVAN 2 and TRANS 2 subroutines in 

NONMEM (non-linear mixed effects modelling), version VII level 1.2, with Intel® 

Visual Fortran Compiler version11.0 were used to perform these analyses.  The 

prediction-corrected visual predictive checks (pcVPC) were generated with the Perl 

speaks NONMEM (PsN) tool “vpc” version 3.2.7 and the graphic presentations of the 

results were performed with Xpose package version 4.3.0 using R, version 2.12.0. 

7.8.1.1 Identification of outliers 

Population pharmacokinetic analysis allows for inter- and intra-individual variation, 

however, some individuals “skew” the data unrealistically and may contribute to 

inaccuracies.  The stepwise generalised additive model (GAM) by Xpose allows the 

user to identify these extreme outliers.  Figure 7.21 is an example of a GAM output 

analysis to identify outliers.  An individual (subject 51) was identified and excluded 

from the original data set used in NONMEM.  This individual was the same individual 

that persistently had EFV plasma levels well above 4 µg/ml as was reported in 

Manuscript A and B (Chapters 4 & 5).  An additional three outliers (subjects 40, 42 

and 56) were also identified in the final model (Figure 7.22) with GAM.  However, 

when these three subjects were excluded from the final model analysis, the 

parameter estimations did not change and it was decided not to exclude these three 
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subjects.  Thus only subject number 51 was excluded from the final NONMEM data 

set. 

 

Figure 7.21: Studentised residual of the generalised additive model (GAM) to 

identify subject outlier (nr. 51). 

 

Figure 7.22: Studentised residual of the generalised additive model (GAM) to 

identify subject outliers (nr. 40, 42 and 56). 
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7.8.1.2 Covariate model building results 

The importance of modelling is to investigate the influence of various covariates on 

the PK parameters (CL/F and V/F) that are being investigated.  The Akaike's 

Information Criterion (AIC) is an initial estimate to investigate which important 

covariates influenced the PK parameters.  In Table 7.19 the AIC is provided for CL 

(ETA1) and V (ETA2) that were performed on the basic model (Run1). 

Table 7.19: Akaike's Information Criterion (AIC) to investigate which covariates 

influence the PK (CL and V) parameters of efavirenz 

 Start: 

 ETA1 (CL) ~ 1; AIC=  132.8131 (no covariates added to CL estimates) 

 Trial:   ETA1 ~  SEX + 1 + 1 + 1 + 1; AIC= 134.707 

 Trial:   ETA1 ~  1 + GENO + 1 + 1 + 1; AIC= 108.2329 

 Trial:   ETA1 ~  1 + 1 + WT + 1 + 1; AIC= 133.933 

 Trial:     ETA1 ~  1 + 1 + 1 + AGE + 1; AIC= 134.8131 

 Trial:   ETA1 ~  1 + 1 + 1 + 1 + HT; AIC= 134.4861 

 Step :  ETA1 ~ GENO ; AIC= 108.2329 

 Trial:   ETA1 ~  SEX + GENO + 1 + 1 + 1;  AIC= 110.093 

 Trial:   ETA1 ~  1 + GENO + WT + 1 + 1; AIC= 109.0576 

 Trial:   ETA1 ~  1 + GENO + 1 + AGE + 1; AIC= 110.0041 

 Trial:   ETA1 ~  1 + GENO + 1 + 1 + HT; AIC= 109.5718 

 Start:  

 ETA2 (V)~ 1; AIC= -115.8718 (no covariates added to V estimates) 

 Trial:   ETA2 ~  SEX + 1 + 1 + 1 + 1; AIC= -113.8958 

 Trial:   ETA2 ~  1 + GENO + 1 + 1 + 1; AIC= -115.0077 

 Trial:   ETA2 ~  1 + 1 + WT + 1 + 1; AIC= -122.458 

 Trial:   ETA2 ~  1 + 1 + 1 + AGE + 1; AIC= -119.3974 

 Trial:   ETA2 ~  1 + 1 + 1 + 1 + HT; AIC= -122.0513 

 Step :  ETA2 ~ WT ; AIC= -122.458 
 Trial:   ETA2 ~  SEX + 1 + WT + 1 + 1; AIC= -120.6114 

 Trial:   ETA2 ~  1 + GENO + WT + 1 + 1; AIC= -121.6657 

 Trial:   ETA2 ~  1 + 1 + ns(WT, df = 2) + 1 + 1;  AIC= -121.7787 

 Trial:   ETA2 ~  1 + 1 + WT + AGE + 1;  AIC= -121.1551 

 Trial:   ETA2 ~  1 + 1 + WT + 1 + HT;  AIC= -120.4636 

CL, clearance.  V, volume of distribution.  GENO, CYP2B6 516 G/G, G/T and T/T genotypes.  WT, weight.  HT, height 
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From these results (Table 7.19) it was evident that genotype (CYP2B6 516 G/G, G/T 

and T/T) was an important covariate that affected the CL/F of EFV within this study 

population. The same trend was observed with the correlation and univariate 

analysis (refer to § 7.7.1 and 7.7.2).  However, all of these covariates were still 

additionally tested in various NONMEM models (refer Table 7.20 and Table 7.21). 

7.8.1.3 Model validation and results of various NONMEM runs (Basic to Final 

Model) 

The adequacies of the various models were evaluated and discussed in Manuscript 

C (Chapter 6) extensively and will not be repeated. 

The extent of shrinkage, associated with poor individual parameter estimates, was 

calculated for all parameters using the equation: 

Shrinkage = 1 - 
CL

CLSD
ω

η  

Where SDηCL was the standard deviation of the individual estimate of η for CL and 

ωCL was the standard deviation of the estimated population variance.  If the two 

values were similar, the influence of shrinkage was low and desirable (Savic & 

Karlsson., 2009).  The shrinkage percentage (%) is obtained from Xpose and the 

different shrinkage % is shown in Table 7.22.  Values higher than 30% are an 

indication of a poor estimation.   

The modelling was performed in two stages.  A basic model (Run 1) was constructed 

and the influences of the different covariates were tested in an added step-wise 

manner (Table 7.20).  The OFV value decreased dramatically when IOV (Run 41) 

was added to the model.  The model with IOV included was then used to construct 

the final model (Run 36).  The different covariates were then omitted from the final 

model to evaluate the importance of each covariate’s contribution to the final model 

(Table 7.21).  
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Table 7.20: Summary of the analysis of covariates influencing the 

pharmacokinetic parameters of efavirenz in the basic model  

Covariates OFV DOFV P-value CVCL/F 
(%) 

CVV/F 
(%) 

σ  
(%) 

*Basic model (Run 1) 700   72 44 59 

Does WEIGHT influence 
CL/F? 744 + 44 >0.05 76 <1 63 

Does WEIGHT influence 
V/F? 704 +4 >0.05 73 88 60 

Does AGE influence CL/F? 795 +95 >0.05 85 <1 63 

Does AGE influence V/F? 705 +5 >0.05 73 75 60 

Does GENDER influence 
CL/F? (Male=1) 700 0  72 43 58 

Does GENDER influence 
V/F? (Male=1) 700 0  72 43 58 

Does BSA influence CL/F? 768 +68 >0.05 77 76 65 

Does BSA influence V/F? 704 +4 >0.05 74 73 59 

Does GENOTYPE (3) 
influence CL/F?  (Run 6) 660 -75 <0.01 48 55 59 

Does GENOTYPE (2) 
influence CL/F?  (Run 7) 673 -27 <0.01 56 68 59 

Does IOV influence CL/F?  
(Run 41)) 216 -484 <0.01 63 41 FIX 

* Basic model results: CL= 5.01 L/h,   V=183 L,  Ka=0.287 h-1, F=1 and OFV=700 
OFV; objective function value   DOFV; difference in objective functions between models    σ; residual error  
BSA; body surface area    genotype (3); CYP2B6 516 G/G; T/T; G/T     
genotype (2); CYP2B6 516 G/G and (T/T+G/T)     IOV; interoccasion variability 

The following visual checks were applied: the changes in DV (dependent variable) 

vs. PRED (population prediction), DV vs. IPRED (individual prediction), IWRES 

(individual weighted residual) vs. IPRED and WRES (weighted residual) vs. TIME 

were used to investigate the visual improvement in the fitting of the various models.  

Basic goodness-of-fit plots are presented in Figures 7.23 for some of the runs (Run 

1, 41 and 36) that built up to the final model (Run 36).  

In § 7.5.3 it was reported that no statistically significant difference existed between 

the EFV plasma concentrations of the T/T and G/T groups.  For that reason, the 
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genotypes T/T and G/T were grouped together and denoted a value of 1 and the 

genotype G/G was denoted as 0 in Run 7.  In Run 6 the CYP2B6 516 T/T, G/T and 

G/G genotypes were modelled separately.  The reduction in OFV was 75 units when. 

3 groups (Run 6) were modelled in comparison with 27 units when genotypes T/T 

and G/T were grouped (Run 7) together.   

A summary of the most significant NONMEM run outputs (Runs 1, 41 and 36) 

generated in Xpose are presented in Addendum D2.   

 

 

Figure 7.23:  Goodness-of-fit plots of various relevant models tested. 

The X and Y axis represents the efavirenz plasma concentrations (µg/ml)
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Table 7.21: Summary of the analysis of patient covariates influencing the 

pharmacokinetic parameters of efavirenz in the final model 

Covariates OFV DOFV P-
value 

CVCL/F 
(%) 

CVV/F 
(%) 

CVIOV 
(%) 

*Final model (Run 36) 170   41 41 37 

Does AGE influence CL/F and 
V/F in final model? (Run 37) 187 17 <0.01 44 41 37 

Does WEIGHT influence CL/F 
and V/F in final model?  
(Run 39) 

177 7 <0.01 43 43 37 

Does GENOTYPE influence 
final model? (Run 40) 177 7 <0.01 43 43 37 

Does IOV influence final 
model? 
(Run 41) 

216 39 <0.01 63 37 37 

OFV; objective function value   DOFV; difference in objective functions between models    CV: coefficient of variance   
Genotype; CYP2B6 516 G/G; T/T; G/T   IOV; interoccasion variability   σ; residual error was fixed 

Although weight and age, added on their own did not improve the fit (Tables 7.20 

and 7.21), an improvement in fit was observed when weight and age was combined 

in the final model.  These results indicate the importance of both age and weight to 

predict accurate CL values of EFV in this paediatric population. 

The efavirenz PK parameter estimates for the IOV model (Run 41) and the final 

model (Run 36) are presented in Table 7.22 including the bootstrap and shrinkage 

evaluations that were performed to validate the models. 
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Table 7.22:  Efavirenz pharmacokinetic parameter estimates for the basic, IOV and 

final model including the bootstrap evaluation 

 IOV Model 
(Run 41) 

Final Model 
(Run 36) 

Bootstrap evaluation 
on the final model 

OFV 216 170  

Parameters Mean 
(RSE%) 

Mean (RSE%) Mean (RSE%) 

CL/F(l/h) 4.86 (7.5) 2.46 (10)  T/T 2.45 (13)  T/T 

  4.60  (13)  G/T 4.59 (14)  G/T 

  7.33 (8.7)  G/G 7.39  (7)  G/G 

V/F (l) 94.3 (14) 89.52 (11) 92.89 (14) 

Ka (h-1) 0.287 FIX 0.287 FIX 0.287 FIX 

Add error  0.108 (8.3) 0.107 (7) 0.106 (11) 

Prop error % 9.2 (13) 9.3 (15) 8.9 (35) 

Exponent θ8  -0.6 (23) -0.57 (26) 

ωCL/F % 63 (18) 41 (28) 40 (30) 

ωV/F % 37 (63) 41 (51) 41 (53) 

IOVCL % 37 (20) 37 (19) 37 (21) 

σ% FIX FIX FIX 

Shrinkage (%) CL=58.6; 
V=47.2 

CLTT=10.9; 
CLGT=42.7; 

CLGG=26.4; V=29.7  

 

IOV model with interoccasion variability . 
Final model with IOV, age, weight and CYP2B6 516 G/G, G/T, T/T.       
RSE; relative standard error            Exponent θ8; Theta 8       σ; residual variability       ω; inter-variability  

Bootstrapping on the final model (Run 36) indicated that the model was stable and 

provided an additional internal validation step.  The means and coefficient of 

variation of the parameter estimates from the bootstrap method were nearly identical 

to the final model.   
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The final equations for CL/F and V/F of efavirenz from this study population were as 

follows: CL/F (l/h) = θx*(WT/20)**0.75* (AGE/7/12) **θ8, 

V/F (l) = θ4*(WT/20) *(Age/7/12)**θ8, 

with θx = θ1(T/T); θ2(G/T); θ3(G/G), θ8 = -0.6; weight (WT) is the body weight (kg) and 

age in months. 

The efavirenz CL/F values for the CYP2B6 516 T/T, G/T and G/G genotypes 

respectively were 2.46, 4.60 and 7.33 l/h and the V/F was 89.52 l, for this specific 

study population with an average weight of 20 kg and age of 7 years.  It was evident 

that three distinct CL values of EFV could be identified, within this black paediatric 

South African study population, based on the CYP2B6 516 T/T, G/T and G/G 

genotypes.  Further in depth discussions and comparisons of these results are 

presented in Manuscript C (Chapter 6). 
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In this clinical study (PK/PD.EFV.07), 60 children who attended the outpatient clinic 

at Harriet Shezi Children’s Clinic, Chris Hani Baragwanath Hospital, Soweto, South 

Africa, were prospectively enrolled.  This cohort included children (3-14 years at 

baseline) of both genders, with no prior exposure to antiretroviral therapy, eligible for 

ART, and all from resource limited households.   

The most important contribution and impact of this investigation to the scientific 

knowledge of EFV, as part of HAART in HIV-1-infected children was the longitudinal 

nature of this study.  It was performed in black ART naïve South African children who 

were followed up for a period of 24 months with sequentially measured EFV plasma 

concentrations at 1, 3, 6, 12, 18 and 24 months post-HAART initiation.  

8.1 Study Objectives Achieved 

All of the set primary and secondary study objectives (Chapter 1, § 1.2.1 and 1.2.2) 

were successfully achieved, and included: 

i) the development, optimisation and validation of a LC-MS/MS method to 

determine plasma EFV levels accurately, 

ii) the collection and analysis of plasma EFV samples from this paediatric study 

population at 1, 3, 6, 12, 18 and 24 months post-HAART,  

iii) the determination and prevalence of the CYP2B6 516G>T polymorphism and 

its effect on EFV plasma levels within this paediatric study population, 

iv) the determination of the population pharmacokinetic clearance (CL/F) value 

and covariates influencing the clearance of EFV in HIV-1-infected children 
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with NONMEM using routine clinic-based, sparsely collected blood samples, 

and   

v) the investigation of  specific pharmacodynamic effects and therapeutic 

outcomes (CD4%, CD4 count; viral load; side effects and toxicity) of this EFV-

based regimen within this paediatric population over the 24 months post-

HAART initiation.   

8.2 Overall Discussion and Conclusions 

Very limited pharmacokinetic information on EFV plasma concentrations in sub-

Saharan HIV-1-infected children is available.  To our knowledge, this is the first study 

in black South African HIV-infected children that has measured serial EFV plasma 

concentrations, investigated the influence of the CYP2B6 516G>T polymorphism on 

EFV plasma concentrations and determined the population clearance (CL/F) value 

of EFV in a longitudinal study over a period of 24 months post-HAART initiation.  

Ren and co-workers (2007) reported EFV plasma concentrations in a cross sectional 

study in a small number (n=14) of South African children.  Studies reporting on the 

effect of CYP2B6 516G>T polymorphism on EFV concentrations in South African 

adults were published by Cohen and co-workers (2009) and Gounden and co-

workers (2010). 

By successfully developing and validating a LC-MS/MS method, EFV were 

determined in plasma accurately, selectively and with good repeatability within a 

relative short time period.  In this study, data on EFV plasma concentrations taken 

from South African HIV-infected children at 1, 3, 6, 12, 18 and 24 months after the 

commencement of HAART are presented.  A total number of 649 EFV plasma 

concentrations were determined, taken at mid-dose interval, during 1-24 months 

post-HAART initiation.  Sub-therapeutic concentrations (<1 µg/ml) accounted for 

18% (116/649) of the samples analysed.  The concentrations within the therapeutic 

range (1-4 µg/ml) represented 52.5% (341/649), and above the therapeutic range 

(>4 µg/ml) 29.5% (192/649) of the samples. Evidently a significant number of the 

samples (47.5 %) were outside the accepted therapeutic range (1-4 μg/ml) and this 

is a great cause for concern.  Sub-therapeutic levels pose the risk for the 
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development of viral resistance against EFV and levels >4 μg/ml may result in 

toxicity.   

Various investigators have expressed concerns that underdosing in children occurs 

with the current guidelines based on once-off cross sectional studies (von Hentig et 

al., 2006; Ren et al., 2007) with a small number of children (ter Heine et al., 2008).  

They suggested an increase in the EFV dose in children to be further investigated in 

larger studies to define optimal dosing strategies in children, and to take into 

consideration the influence of CYP2B6 genotyping and differences in formulation 

bioavailability for children. 

Nyakutira and co-workers (2008) suggested a priori dose reduction in Zimbabwean 

adults from 600 mg to 400 mg daily for genetically defined poor metabolisers as a 

frequency of 49% of the CYP2B6*6 allele was observed within their study population.  

Ramachandran and co-workers (2009) suggested that further clinical studies are 

required to investigate lower EFV doses in the south Indian population as they also 

present with high frequencies of the CYP2B6 516 T-allele.  It was shown by 

Gatanaga and co-workers (2007) that genotype-based EFV dose reductions in 

Japanese CYP2B6 *6/6* and CYP2B6 *6/*26 carriers were feasible and that it can 

reduce EFV-associated side effects.  

In our study we did not change the recommended first line EFV dosage as set by the 

National Department of Health (NDoH), however possible reasons for efavirenz 

plasma levels outside the accepted therapeutic range were investigated.  This 

included genetic variation in drug metabolism (CYP2B6 516G>T polymorphism), 

incorrect dosing, drug-drug interactions and non-adherence (non-compliance).  

Recording of any co-administered drugs during the duration of this study (drug-drug 

interactions) and dosage checks were performed after the medication was issued at 

every study visit and for the in between pharmacy visits.   

The influence and prevalence of the CYP2B6 516G>T polymorphism on EFV plasma 

concentrations within this relatively large (n=60) cohort of black South African HIV-

infected paediatric population were investigated.  Genotype results were available for 

all 60 study participants: 23% (14/60) were CYP2B6 516 T/T homozygotes, 42% 

(25/60) were CYP2B6 516 G/G homozygotes and 35% (21/60) were CYP2B6 
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516G/T heterozygotes.  The relatively high CYP2B6 516 T-allelic variant (41%) 

frequency from our black paediatric South African population corresponds well with 

other published results.  Studies performed in African-American and African descent 

populations, showed that this variant varied from 32% to as high as 49% (Cohen et 

al., 2009; Haas et al., 2004; Klein et al., 2005; Kwara et al., 2009; Wyen et al., 2008; 

Nyakutira et al., 2008).  The contribution of the presence of the 516 T-allelic variant 

(41% frequency within our population) explains the high number (29.5%) of mid-dose 

interval plasma samples that were >4 µg/ml within individuals presenting with this 

single nucleotide polymorphism (SNP) mutation on the CYP2B6 gene.   

Repeated measures of ANOVA showed that the CYP2B6 516 G/G, G/T and T/T 

genotypes was consistently predictive of the log EFV concentrations at all times (P = 

0.0001).  Neither time (months post-HAART initiation (R1)), nor the interaction 

(genotype*R1), F(10,190) = 0.77, P=0.65) influenced the log EFV plasma 

concentrations at 1-24 months post-HAART.  Therefore all the EFV plasma 

concentrations over the 24 months post-HAART were pooled, the total median (IQR) 

EFV plasma concentrations were, 6.36 (3.47 – 7.28) for T/T, 2.55 (1.62 – 3.59) for 

G/T and 1.41 (1.02 – 1.74) μg/ml for G/G groups respectively (Kruskal-Wallis, 

P<0.00001).  Additional multiple comparisons by groups revealed that the EFV 

plasma concentrations between the T/T and G/G (6.36 vs 1.41 µg/ml, P=0.000002) 

and between G/T and G/G (2.55 vs 1.41 µg/ml, P=0.009) were statistically 

significantly different.  However, the difference between the EFV plasma 

concentrations of the T/T and G/T groups were not statistically significantly different 

(6.36 vs. 2.55 µg/ml, P=0.074), possibly due to the outlier values (n=14) in the G/T 

group, mostly from one patient with persistently high levels (n=10) and from 2 other 

G/T genotyped individuals (n=4).  Even though we observed such an alarming 

number (29.5%) of the plasma samples >4 μg/ml, which can be attributed to the high 

frequency (41%) of the 516 T-allelic variant, this EFV-based regimen was very well 

tolerated by the majority of this study’s participants over the 24 months post-HAART 

initiation.  Various studies could not establish an association with EFV plasma 

concentration and CYP2B6 516G>T polymorphism and toxicity (Ramachandran et 

al., 2009; Rotger et al., 2005; Saitoh et al., 2007).  Several studies did, however, 

report an association of CYP2B6 516 T/T with CNS toxicity (Haas et al., 2005; 

Gatanaga et al., 2007) whereas some studies reported an increase in the prevalence 



Chapter 8: Overall Conclusions & Recommendations 
 

212 
 

of side effects, especially CNS related, which correlated with EFV plasma levels 

greater than 4 µg/ml (Cohen et al., 2009; Marzolini et al., 2001; Puthanakit et al., 

2009; Gounden et al., 2010).  Results from our observational study could thus not 

corroborate that an association existed between high EFV plasma levels and 

reported side effects (1 month post-HAART).  An association between the CYP2B6 

516G>T polymorphism and reported side effects within the T/T genotype group could 

not be established, although the pooled median (IQR) EFV plasma levels were 6.36 

(3.47 – 7.28) μg/ml during the 24 months post-HAART observation.  Most of the 

reported side effects were mild and subsided spontaneously.  Possible reasons for 

the low frequency of side effects reported during the 24 month follow-up period, 

could be the development of tolerance despite persistently high plasma EFV levels, 

as was also suggested by Haas and co-workers (2004) in a study where adults were 

followed up for 6 months.  The difficulty in quantifying and assessing 

neuropsychological side effects in such young children has also been raised by 

Saitoh and co-workers (2007).  

Successful VL suppression was observed in 89% of our study participants at 24 

months post-HAART.  The efficacy of this EFV-based treatment did not affect the 

three genotype groups differently and they showed similar improvement in their 

immunological (CD4-cell count and CD4%) markers and reduction in viral load and 

viral suppression over the 24 months post-HAART initiation.  The fact that the clinical 

outcomes were the same in all three of the groups, are encouraging and an 

indication that this HAART regimen is successful and effective.  Haas and co-

workers (2005) reported no association of CYP2B6 G516T polymorphism with 

treatment failure (VL, toxicity and all-cause treatment failure) in a large cohort of 

adults after 144 weeks of follow-up.  Saitoh and co-workers (2007) also reported no 

immunologic and virological outcome differences among children with the CYP2B6 

G516T polymorphism.   

In the population pharmacokinetic investigation of EFV, the influence of several 

covariates (gender, age, weight, BSA and CYP2B6 516 G/G, G/T and T/T 

genotypes) and interoccasion variability (IOV) were investigated with NONMEM.  

The inclusion of age, weight, CYP2B6 516 G/G, G/T and T/T genotypes and IOV in 

the final regression model provided the following final population estimates for Cl/F 
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(RSE%): 2.46 (10%), 4.60 (13%) and 7.33 (8.7%) l/h for the T/T, G/T and G/G 

genotype groups respectively.  The V/F (RSE%) was 89.52 l (11%).  This is the first 

study to our knowledge where a large number of children (n=60) were followed up for 

24 months with sequential EFV PK levels and we were able to identify three distinct 

Cl/F values for EFV when the CYP2B6 516 G/G, G/T and T/T genotype groups were 

taken into consideration.  The importance of introducing IOV in a PK model for a 

longitudinal study with sparsely collected data was highlighted again by this 

investigation. 

In summary, we have identified three CYP2B6 516 T/T, G/T and G/G genotype 

groups with three distinct CL/F values for EFV within this study population, we have 

also confirmed that the presence of the 516 T-allelic variant was responsible for the 

higher EFV plasma exposures.  However, the clinical success outcome (CD4%, 

CD4-count and VL reduction) of this EFV-based first line regimen showed no 

significant differences between the three genotyped groups nor did it influence the 

side effects that were reported.  Thus, no beneficial clinical outcome or treatment 

disadvantage could have been established between the three genotype groups.  It 

however remains important that clinicians must be made aware of this 

pharmacogenetic phenomenon, especially in resource-limited countries where 

genotyping is too expensive to be carried out.  It could be used as an additional 

investigative tool in problematic and challenging cases where extremely high EFV 

plasma levels have been found or where excessive side effects or toxicities have 

been reported.     

The question however still remains, should TDM or CYP2B6 genotyping be used to 

optimise efavirenz therapy or not (Rotger et al., 2008).  The answer to this question 

will depend on the country in question and its financial and human resource 

capabilities.  In most African and third world countries, the HIV treatment and 

management burden is just too large to introduce routine TDM and or genotyping.  It 

is already considered a luxury and not part of the current WHO guidelines to perform 

routine VL testing compared to the routinely monitored guidelines of the National 

Health Institute (WHO, 2010; NHI 2011).  As shown by Nyakutira et al. (2008) and 

Gatanaga et al. (2007), a reduction in EFV dose, based on genotyping maybe 

beneficial to the patient’s clinical outcome but it also holds a financial benefit with a 
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reduction in cost.  It could be argued that baseline genotype testing could early 

identify individuals with the relevant polymorphism to make early dose adjustments 

and therefore add cost saving benefits on the long-term treatment of such 

individuals.  Gatanaga and co-workers (2009) referred to a commercially available 

CYP2B6 516 genotype detection system in Japan and other commercially available 

kits (IILA-B*5701) that are already available to screen for abacavir hypersensitivity.  

It would be ideal, even for third world countries, to have such commercial kits 

available that are able to test or screen for a large number of possible 

polymorphisms. These kits would not require intensive staff training and expensive 

PCR equipment.  Rotger and co-workers (2008) concluded quite amicably that the 

reconciliation of pharmacogenetics and TDM in a formal prospective clinical study 

will be an important step toward evaluating the cost benefit of genotype-based 

tailored EFV treatment. 

8.3 Shortcomings 

A limitation of this study was that although all possible efforts were made to monitor 

adherence in this outpatient clinic scenario, the researchers cannot conclude that 

adherence did not affect the efavirenz plasma levels in this study population.   

The evaluation of reported side effects during the first month post-HAART initiation, 

and general side effects reported during the study was not assessed with a specific 

structured questionnaire.  This may have resulted in the under reporting of side 

effects.  It is extremely difficult to establish accurate reporting of side effects and to 

assess the different potential neuropsychological side effects of EFV in such young 

children as was the case in this cohort and echoed by Saitoh and co-workers (2007).   

Study limitations with regard to the population pharmacokinetic aspects investigated 

included: 

i) No full PK profiles were available for any of the patients. 

ii) The assumption that this was a one-compartment pharmacokinetic model. 

iii) The two PK (at least 2 hours apart) samples at each study visit was taken at 

very similar time points around the mid-dose interval post-last evening dose 
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over the 24 month period.  This allowed for little variation over the time range 

post-last dose, resulting in no PKs prior to 12 hrs (in the absorption phase) 

and very few between 20 and 24 hrs post-last dose intake.  

However, due to the nature of this clinic-based study it was not practical to take 

earlier blood samples (prior to 8:00 daily) or to keep children out of school and 

constrained to the clinic environment for an entire day to take blood samples over a 

wider range of time post-last dose, especially during the absorption phase (1-4 hours 

post-last dose).  Mid-dose interval (8-20 hours) EFV levels have been used with 

success, in numerous research studies over the years as discussed in the literature, 

and the advantage of investigating population pharmacokinetics with NONMEM is 

that sparsely collected data can be used (Cabrera et al., 2009; Cohen et al., 2009; 

Csajka et al., 2003; Kappelhoff et al., 2005; Marzolini et al., 2001; Nyakutira et al., 

2008; Pereira et al., 2008; Puthanakit et al., 2009; Ramachandran et al., 2009; Ren 

et al., 2007; Stahle et al., 2004; Viljoen et al., 2010; Wintergerst et al., 2008).       

8.4 Recommendations 

Reasons for children having efavirenz plasma concentrations outside the therapeutic 

range (1-4 μg/ml) need to be further explored.  TDM may be beneficial and could 

play a role in elucidating these reasons as well as serving as a tool to evaluate 

adherence more accurately.  From a clinical perspective, it could be recommended 

that future targeted TDM and vigilance for side effects in larger cohort studies of 

children who are initiated on EFV-based therapy should be performed.  This will 

shed light and be helpful in managing children and will contribute to appropriate dose 

strategies of EFV, especially in children where the CYP2B6 G516T polymorphism 

has been identified.  Correctly planned clinical studies of this nature will then also 

answer the question whether it is financially viable to amend EFV doses as a priori in 

such genotyped-based studies or not.  The contribution and influence of other single 

nucleotide polymorphisms and haplotype organisations of the CYP2B6 gene or other 

genes (CYP1A2, CYP2A6, CYP3A4) associated with an influence on the EFV 

metabolism and plasma concentrations could also be further investigated within the 

South African population.   
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Possible future expansion on the current clinical study could include further 

investigations on complete sequencing of the CYP2B6 gene in certain identified 

study participants that showed persistent deviations from the therapeutic range of 

EFV.   

I would like to conclude with the words as published in Hope for HIV in Africa: 

Observations by an Eldoret Journeyman (Hannan, 2006):  “It is impossible to define 

the emotions when one stands in a ward of 50 people dying of HIV.  So I am 

privileged to be here.  I have also seen that when "there is no other way, there is 

hope."  We have changed care in Africa in the management of HIV.  Whether we will 

win, time will tell. At least we have lit candles in the darkness of African HIV care and 

management”.   
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Science 232:1486, 1986, and Nature 321:644, 1986) to designate viruses associated with 

AIDS. The Committee’s suggestion was to use HIV (human immunodeficiency virus) or the 

generic name for this class of human retroviruses. The Committee also recommended 

maintaining the specific strain names (LAV-1BRU, LAV-1LOI, HTLV-IIIB, HTLV-IIIRF,ARV1) in the 

interest of continuity and appreciation for the biologic and molecular differences of the 

individual strains. Thus, for the sake of accuracy, the editors encourage the use of specific 

strain names in experimental details 

SEQUENCE DATA 
AIDS Research and Human Retroviruses requires submission of accession numbers with 

any manuscript that uses sequence data. The numbers must be listed in a separate section 

following acknowledgments. Accession numbers can be obtained from Genbank, EMBL, or 

DDBJ. See http://www.ncbi.nlm.nih.gov/Web/Genbank/submit.html for information, or send 

e-mail to info@ncbi.nlm.nih.gov 

TABLES 
Submit each table with its title in a separate file. Use Arabic numerals to number tables. 

Each table must stand alone, i.e., contain all necessary information in the caption, and the 

table itself must be understood independently of the text. Details of experimental conditions 

should be included in the table footnotes. Table legends and footnotes should be double-

spaced. Information that appears in the text should not be repeated in tables, and tables 

should not contain data that can be given in the text in one or two sentences. 

ILLUSTRATIONS 
Figures/images should be presented according to these guidelines: 

• Do not include any illustrations as part of your text file.  
• Do not prepare any figures in Word as they are not workable.  

• Line illustrations must be submitted at 1200 DPI.  

• Halftones and color photos should be submitted at 300 DPI.  

• Please submit only TIFF, EPS or PDF files.  
• Color art must be saved as CYMK not RGB or INDEX. If RGB files are submitted, the 

files will be converted to CYMK, and some slight color variation may occur.  

• Do NOT submit PowerPoint or Excel files. Adobe is the software of choice.  

Color Artwork 
The Journal will publish color illustrations, but the author must subsidize the cost of the color 

printing. For further details, contact the Publisher. 
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Collaborations, sources of research funds, and other acknowledgments should be listed in a 

separate section at the end of the text ahead of the References section. 

AUTHOR DISCLOSURE 
All authors are expected to disclose any institutional or commercial affiliations that might 

pose a conflict of interest regarding the publication of a manuscript. Institutional affiliations, 

as indicated on the title page, should include all corporate affiliations and any funding 

sources that support the work. Other types of affiliation, including consultantships, honoraria, 

stock ownership, equity interests, arrangements regarding patents, or other vested interests 

should be disclosed in the Acknowledgments section. 

REFERENCES 
All references must be cited in the text. Cite references within the text by a superscript 

Arabic number. Number references in the order that they appear in the text. Double-space 

the references and triple-space between each listing. When there are more than six authors, 

it is acceptable to list the first three followed by “et al.” Use the appropriate styles: 

Journals 
(1) surname of author(s), initials, (2) paper title, (3) journal, (4) year of publication, (5) 

volume number, and (6) first and last page of citation. Example: Williams N: T cells on the 

mucosal frontline. Science 1998;280:198–200. 

Books 
(1) surname of author(s), initials, (2) chapter title, (3) title of book, (4) editors of book (if 

applicable), (5) edition of book (if applicable), (6) publisher, (7) city of publication, (8) year of 

publication, and (9) first and last page reference. Example: Bolognesi D: HIV vaccines. In: 

Immunology of HIV infection. (Gupta S, ed.) Plenum Medical, New York, 1996, pp. 561–576. 

Patents 
(1) country of original registration, (2) patent number, (3) month, day, and year of issuance. 

When data from an unpublished source are presented, supply complete information, e.g., 

researcher’s name and location. If work is in press, give the journal in which it is to be 

published or the publisher. 

PERMISSIONS 
The author must obtain permission to reproduce figures, tables, and text from previously 

published material. Written permission must be obtained from the original copyright holder 

(generally the publisher, not the author or editor) of the journal or book concerned. An 

appropriate credit line should be included in the figure legend or table footnote, and full 

publication information should be included in the reference list. Written permission must be 

obtained from the author of any unpublished material cited from other laboratories, and 
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they cannot be entered on proofs. 

FEES AND REPRINTS 
To help defray the cost of printing, the publisher requests that charges of $65 per printed 

page be paid by all authors who have funds available from research grants or from their 

institutions. However, the ability to pay page charges is not a prerequisite for publication. 

Reprints may be ordered by using the special reprint order form that accompanies the 

proofs. Reprints ordered after the issue is printed will be charged at a substantially higher 

rate. 
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740–2108.www.liebertpub.com 



Addendum C2: Instructions to the Author (Clinical Pharmacology & Therapeutics) 
 

283 
 

 
dditional Results 

 

 

 
 
http://www.nature.com/clpt/clptguidetoauthors.pdf 
 

 

Addendum C2 Instructions to the Author: Clinical 
Pharmacology & Therapeutics 



Addendum C2: Instructions to the Author (Clinical Pharmacology & Therapeutics) 
 

284 
 

 
 



Addendum C2: Instructions to the Author (Clinical Pharmacology & Therapeutics) 
 

285 
 

 
 



Addendum C2: Instructions to the Author (Clinical Pharmacology & Therapeutics) 
 

286 
 

 
 



Addendum C3: Instructions to the Author (European Journal of Clinical Pharmacology) 
 

287 
 

 
dditional Results 

 

 

 
 
 
http://www.springer.com/biomed/pharmaceutical+science/journal/228?print_view=tru
e&detailsPage=pltci_1060600 
 

MANUSCRIPT SUBMISSION 
Submission of a manuscript implies: that the work described has not been published before; 
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approved by all co-authors, if any, as well as by the responsible authorities – tacitly or 

explicitly – at the institute where the work has been carried out. The publisher will not be 

held legally responsible should there be any claims for compensation.  

Permissions 
Authors wishing to include figures, tables, or text passages that have already been published 

elsewhere are required to obtain permission from the copyright owner(s) for both the print 

and online format and to include evidence that such permission has been granted when 

submitting their papers. Any material received without such evidence will be assumed to 

originate from the authors. 

Online Submission 
Authors should submit their manuscripts online. Electronic submission substantially reduces 

the editorial processing and reviewing times and shortens overall publication times. Please 

follow the hyperlink “Submit online” on the right and upload all of your manuscript files 

following the instructions given on the screen. 

TITLE PAGE 
The title page should include:  

• The name(s) of the author(s)  

• A concise and informative title  

• The affiliation(s) and address(es) of the author(s)  

• The e-mail address, telephone and fax numbers of the corresponding author 
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ABSTRACT 
Please provide a structured abstract of 150 to 250 words which should be divided into the 

following sections:  

• Purpose (stating the main purposes and research question)  

• Methods  

• Results  

• Conclusions 

KEYWORDS 
Please provide 4 to 6 keywords which can be used for indexing purposes. 

TEXT 
Text Formatting 
Manuscripts should be submitted in Word.  

• Use a normal, plain font (e.g., 10-point Times Roman) for text.  

• Use italics for emphasis.  

• Use the automatic page numbering function to number the pages.  

• Do not use field functions.  

• Use tab stops or other commands for indents, not the space bar.  

• Use the table function, not spreadsheets, to make tables.  

• Use the equation editor or MathType for equations.  

Note: If you use Word 2007, do not create the equations with the default equation 

editor but use the Microsoft equation editor or MathType instead.  

• Save your file in doc format. Do not submit docx files. 

• Word template (zip, 154 kB)  

Manuscripts with mathematical content can also be submitted in LaTeX. 

• LaTeX macro package (zip, 182 kB)  

Headings 
Please use no more than three levels of displayed headings.  

Abbreviations 
Abbreviations should be defined at first mention and used consistently thereafter.  

Footnotes  
Footnotes can be used to give additional information, which may include the citation of a 

reference included in the reference list. They should not consist solely of a reference citation, 

and they should never include the bibliographic details of a reference. They should also not 

contain any figures or tables.  
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Footnotes to the text are numbered consecutively; those to tables should be indicated by 

superscript lower-case letters (or asterisks for significance values and other statistical data). 

Footnotes to the title or the authors of the article are not given reference symbols.  

Always use footnotes instead of endnotes.  

Acknowledgments  
Acknowledgments of people, grants, funds, etc. should be placed in a separate section 

before the reference list. The names of funding organizations should be written in full. 

SPECIFIC REMARKS 
• Introduction  

 This section can be brief and should state the relevant background for and the 

main purposes of the study reported. Avoid review type introductions.  

• Terminology  

 Generic names of drugs and pesticides are preferred; if trade names are used, 

the generic name should be given at first mention. The proprietary name, 

chemical composition, and manufacturer should be stated in full in Materials and 

Methods. If a generic name has not been created or otherwise is not available, 

the chemical name should be given. Use of an industry code name alone is not 

sufficient.  

• SI units  

 Please always use internationally accepted signs and symbols for units, SI units.  

• Statistics  

 Sample size consideration must be given for any clinical study and power 

calculations are needed for negative results of pivotal variables. This can be 

done post-hoc if insufficient information was available a priori. 

Bioequivalence/bioavailability and drug-drug interaction studies should include 

tests/reference ratios and the respective 90% or 95% confidence intervals.  

• Analytical methods  

 Any method used to quantify drug or metabolite concentrations in body fluids 

should be characterised at least by the following information:  

 - Range of quantification (defined by an acceptable accuracy/precision and not 

by a factor above baseline noise),  

 - accuracy and precision over the entire range of quantification,  

 - recovery (if applicable) and stability information for the period of measurement.  
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 This information is needed either in the manuscript or must be available in a 

reference the author provides. Normally the methods should be described in such 

a detailed way that other researchers will be able to repeat it. 

REFERENCES 
Citation 
Reference citations in the text should be identified by numbers in square brackets. Some 

examples:  

1. Negotiation research spans many disciplines [3].  

2. This result was later contradicted by Becker and Seligman [5].  

3. This effect has been widely studied [1-3, 7]. 

Reference list  
The list of references should only include works that are cited in the text and that have been 

published or accepted for publication. Personal communications and unpublished works 

should only be mentioned in the text. Do not use footnotes or endnotes as a substitute for a 

reference list.  

The entries in the list should be numbered consecutively.  

• Journal article  

 Gamelin FX, Baquet G, Berthoin S, Thevenet D, Nourry C, Nottin S, Bosquet L 

(2009) Effect of high intensity intermittent training on heart rate variability in 

prepubescent children. Eur J Appl Physiol 105:731-738. doi: 10.1007/s00421-

008-0955-8  

 Ideally, the names of all authors should be provided, but the usage of “et al” in 

long author lists will also be accepted:  

 Smith J, Jones M Jr, Houghton L et al (1999) Future of health insurance. N Engl 

J Med 965:325–329  

• Article by DOI  

 Slifka MK, Whitton JL (2000) Clinical implications of dysregulated cytokine 

production. J Mol Med. doi:10.1007/s001090000086  

• Book  

 South J, Blass B (2001) The future of modern genomics. Blackwell, London  

• Book chapter  

 Brown B, Aaron M (2001) The politics of nature. In: Smith J (ed) The rise of 

modern genomics, 3rd edn. Wiley, New York, pp 230-257  

• Online document  
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 Cartwright J (2007) Big stars have weather too. IOP Publishing PhysicsWeb. 

http://physicsweb.org/articles/news/11/6/16/1. Accessed 26 June 2007  

• Dissertation  

 Trent JW (1975) Experimental acute renal failure. Dissertation, University of 

California 

 Always use the standard abbreviation of a journal’s name according to the ISSN List of 

Title Word Abbreviations, see  

• www.issn.org/2-22661-LTWA-online.php  

 For authors using EndNote, Springer provides an output style that supports the formatting 

of in-text citations and reference list. 

• EndNote style (zip, 2 kB)  

 Authors preparing their manuscript in LaTeX can use the bibtex file spbasic.bst which is 

included in Springer’s LaTeX macro package.  

TABLES  
• All tables are to be numbered using Arabic numerals.  

• Tables should always be cited in text in consecutive numerical order.  

• For each table, please supply a table caption (title) explaining the components of 

the table.  

• Identify any previously published material by giving the original source in the 

form of a reference at the end of the table caption.  

• Footnotes to tables should be indicated by superscript lower-case letters (or 

asterisks for significance values and other statistical data) and included beneath 

the table body. 

ARTWORK  
For the best quality final product, it is highly recommended that you submit all of your 

artwork – photographs, line drawings, etc. – in an electronic format. Your art will then be 

produced to the highest standards with the greatest accuracy to detail. The published work 

will directly reflect the quality of the artwork provided. 

Electronic Figure Submission 
• Supply all figures electronically.  

• Indicate what graphics program was used to create the artwork.  

• For vector graphics, the preferred format is EPS; for halftones, please use TIFF 

format. MS Office files are also acceptable.  

• Vector graphics containing fonts must have the fonts embedded in the files.  
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• Name your figure files with "Fig" and the figure number, e.g., Fig1.eps. 

Line Art 
• Definition: Black and white graphic with no shading.  

• Do not use faint lines and/or lettering and check that all lines and lettering within 

the figures are legible at final size.  

• All lines should be at least 0.1 mm (0.3 pt) wide.  

• Scanned line drawings and line drawings in bitmap format should have a 

minimum resolution of 1200 dpi.  

• Vector graphics containing fonts must have the fonts embedded in the files. 

Halftone Art 
• Definition: Photographs, drawings, or paintings with fine shading, etc.  

• If any magnification is used in the photographs, indicate this by using scale bars 

within the figures themselves.  

• Halftones should have a minimum resolution of 300 dpi. 

Combination Art 
• Definition: a combination of halftone and line art, e.g., halftones containing line 

drawing, extensive lettering, color diagrams, etc.  

• Combination artwork should have a minimum resolution of 600 dpi. 

Color Art 
• Color art is free of charge for online publication.  

• If black and white will be shown in the print version, make sure that the main 

information will still be visible. Many colors are not distinguishable from one 

another when converted to black and white. A simple way to check this is to 

make a xerographic copy to see if the necessary distinctions between the 

different colors are still apparent.  

• If the figures will be printed in black and white, do not refer to color in the 

captions.  

• Color illustrations should be submitted as RGB (8 bits per channel). 

Figure Lettering 
• To add lettering, it is best to use Helvetica or Arial (sans serif fonts).  

• Keep lettering consistently sized throughout your final-sized artwork, usually 

about 2–3 mm (8–12 pt).  

• Variance of type size within an illustration should be minimal, e.g., do not use 8-

pt type on an axis and 20-pt type for the axis label.  

• Avoid effects such as shading, outline letters, etc.  
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• Do not include titles or captions within your illustrations. 

Figure Numbering 
• All figures are to be numbered using Arabic numerals.  

• Figures should always be cited in text in consecutive numerical order.  

• Figure parts should be denoted by lowercase letters (a, b, c, etc.).  

• If an appendix appears in your article and it contains one or more figures, 

continue the consecutive numbering of the main text. Do not number the 

appendix figures, "A1, A2, A3, etc." Figures in online appendices (Electronic 

Supplementary Material) should, however, be numbered separately. 

Figure Captions 
• Each figure should have a concise caption describing accurately what the figure 

depicts. Include the captions in the text file of the manuscript, not in the figure 

file.  

• Figure captions begin with the term Fig. in bold type, followed by the figure 

number, also in bold type.  

• No punctuation is to be included after the number, nor is any punctuation to be 

placed at the end of the caption.  

• Identify all elements found in the figure in the figure caption; and use boxes, 

circles, etc., as coordinate points in graphs.  

• Identify previously published material by giving the original source in the form of 

a reference citation at the end of the figure caption. 

Figure Placement and Size 
• When preparing your figures, size figures to fit in the column width.  

• For most journals the figures should be 39 mm, 84 mm, 129 mm, or 174 mm 

wide and not higher than 234 mm.  

• For books and book-sized journals, the figures should be 80 mm or 122 mm wide 

and not higher than 198 mm. 

PERMISSIONS 
If you include figures that have already been published elsewhere, you must obtain 

permission from the copyright owner(s) for both the print and online format. Please be aware 

that some publishers do not grant electronic rights for free and that Springer will not be able 

to refund any costs that may have occurred to receive these permissions. In such cases, 

material from other sources should be used.  
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ACCESSIBILITY 
In order to give people of all abilities and disabilities access to the content of your figures, 

please make sure that  

• All figures have descriptive captions (blind users could then use a text-to-speech 

software or a text-to-Braille hardware)  

• Patterns are used instead of or in addition to colors for conveying information 

(color-blind users would then be able to distinguish the visual elements)  

• Any figure lettering has a contrast ratio of at least 4.5:1 

CONFLICT OF INTEREST 
All benefits in any form from a commercial party related directly or indirectly to the subject of 

this manuscript or any of the authors must be acknowledged. For each source of funds, both 

the research funder and the grant number should be given. This note should be added in a 

separate section before the reference list.  

If no conflict exists, authors should state: The authors declare that they have no conflict of 

interest. 

AFTER ACCEPTANCE 
Upon acceptance of your article you will receive a link to the special Author Query 

Application at Springer’s web page where you can sign the Copyright Transfer Statement 

online and indicate whether you wish to order OpenChoice, offprints, or printing of figures in 

color.  

Once the Author Query Application has been completed, your article will be processed and 

you will receive the proofs. 

Open Choice  
In addition to the normal publication process (whereby an article is submitted to the journal 

and access to that article is granted to customers who have purchased a subscription), 

Springer provides an alternative publishing option: Springer Open Choice. A Springer Open 

Choice article receives all the benefits of a regular subscription-based article, but in addition 

is made available publicly through Springer’s online platform SpringerLink. We regret that 

Springer Open Choice cannot be ordered for published articles. 

Copyright transfer  
Authors will be asked to transfer copyright of the article to the Publisher (or grant the 

Publisher exclusive publication and dissemination rights). This will ensure the widest 

possible protection and dissemination of information under copyright laws.  
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Open Choice articles do not require transfer of copyright as the copyright remains with the 

author. In opting for open access, they agree to the Springer Open Choice Licence. 

Offprints 
Offprints can be ordered by the corresponding author. 

Color illustrations 
Online publication of color illustrations is free of charge. For color in the print version, 

authors will be expected to make a contribution towards the extra costs. 

Proof reading 
The purpose of the proof is to check for typesetting or conversion errors and the 

completeness and accuracy of the text, tables and figures. Substantial changes in content, 

e.g., new results, corrected values, title and authorship, are not allowed without the approval 

of the Editor.  

After online publication, further changes can only be made in the form of an Erratum, which 

will be hyperlinked to the article. 

Online First 
The article will be published online after receipt of the corrected proofs. This is the official 

first publication citable with the DOI. After release of the printed version, the paper can also 

be cited by issue and page numbers. 
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Figure D2.1: Summary of NONMEM output Run 1 (Basic Model) 
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Figure D2.2: Summary of NONMEM output Run 41 (IOV Model) 
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Figure D2.3: Summary of NONMEM output Run 36 (Final Model) 
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