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In memory of Yossarian 

 

 

The doctors were puzzled by the fact that it wasn’t quite jaundice. If it became jaundice they could 

treat it. If it didn’t become jaundice and went away they could discharge him. But this just being short 

of jaundice all the time confused them. 

 

 

Joseph Heller, Catch-22 
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PREFACE 

Trying to prevent and diagnose HIV at the same time – a Catch-22?  

 

The doctors were puzzled by the fact that it wasn’t quite HIV. If it became HIV they could treat it. If it 

didn’t become HIV and went away they could discharge him. But this just being short of HIV all the 

time confused them. 

 

Let’s take a moment and reimagine the opening chapter of Joseph Heller’s bestselling novel Catch-22. 

Instead of being set somewhere in the Mediterranean during World War II, this is present-day 

Johannesburg (not a war-zone but close enough). What’s more, Captain John Yossarian hasn’t only 

fallen madly in love with the chaplain. They’ve also had lots of unprotected sex over the past fortnight. 

Yossarian, in-keeping with his life-affirming (self-preserving) world view, is taking a combination of 

antiretroviral (ARV) drugs to prevent HIV infection – something referred to as pre-exposure 

prophylaxis (PrEP). Unfortunately, he sometimes forgets to take it. After a late night-out with the 

chaplain, Yossarian decides not to report for duty but instead heads off to Doc Daneeka for a sick-note. 

Not because he’s ill - actually he’s feeling pretty good. It’s just that, as a captain in the South African 

Police Service, he’s not all that excited about people shooting at him all the time.  

At the clinic, his temperature is taken and a mild-fever noted. Doc checks his throat, there’s slight 

inflammation. Under his jaw a few small lymph nodes are barely palpable.  

‘When was your last HIV test?’  

Yossarian winces. Doc tut-tuts and immediately whips out a rapid HIV test kit. He pulls Yossarian’s 

index finger towards him and jabs it with a lancet. A droplet of crimson blood builds-up at the tip of his 

finger as it is milked onto the HIV test-strip. Fifteen minutes pass. 

 ‘Hmmm’ 

‘Hmmm what?’ 

‘Mm Hmmm…’ Doc Daneeka muses. ‘The test is fine. Look. Here’s the control line. Solid. No 

problem.’ 

‘That’s great!’ 

‘Yup. These HIV tests are great. The problem is your result. See here,’ Doc points to the test-

strip, a dirty smudge of red-blue. ‘There’s this really feint line next to the solid control line. 

That’s your result. It’s equivocal. You might have HIV. You might not. You need more tests.’ 
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And so Yossarian is referred to the hospital for specialist laboratory investigations. However, after a 

battery of serology and nucleic-acid tests are run his HIV status remains inconclusive. The serology 

results, which test for specific anti-HIV antibodies, are discordant and the HIV viral load result is 

indeterminate. Repeat testing the following week doesn’t shed any light on the matter. 

Now Yossarian may be a fictional character from another time and place, but his uncertain HIV status 

is a very real thing. What’s more, his case demonstrates the challenge of trying to prevent and diagnose 

HIV at the same time. 

Although ARVs can’t cure HIV, they’re very good at preventing viral replication. So, if an individual 

is infected with HIV but exposed to ARVs very soon after infection, the typical immune response and 

antibody production might be inhibited. Because testing for antibodies is the mainstay of HIV diagnosis, 

using either rapid HIV test kits or more accurate laboratory based serology assays (referred to as 

enzyme-linked immunosorbent assays or ELISAs), ARV exposure might be associated with false-

negative and inconclusive results. Different terms such as ‘equivocal,’ ‘indeterminate,’ or ‘grey-zone’ 

are typically used, but they all describe the same phenomenon of diagnostic ambiguity – the result is 

not negative but it’s not clearly positive either (think of it as a possible false-positive). Because repeat 

testing of non-negative results is standard diagnostic practice, results may also be referred to as 

‘discordant,’ meaning one serology test yields a positive or equivocal result whilst another is negative. 

To troubleshoot such cases, highly sensitive nucleic acid tests that directly detect HIV genetic material 

such as DNA or RNA can be employed. These HIV PCR and viral load tests are routinely used to 

diagnose HIV in babies (because the antibody tests can’t tell if a baby is actually infected or just has 

anti-HIV antibodies from their mother) and to monitor the response to antiretroviral therapy (ART) in 

patients initiated on treatment. However, because ARVs keep HIV replication in check, HIV nucleic 

acid might not be detectable either. Indeed, it’s for this reason that the goal of ART is to have an 

undetectable HIV viral load (i.e. be virally supressed). The problem is that if someone doesn’t have a 

clear diagnosis but is already exposed to ARVs, establishing the diagnosis in the first-place might be a 

problem.  

In Yossarian’s case, discontinuing PrEP for 1–2 weeks will likely provide the quickest means of 

establishing a definitive diagnosis (he’ll need to use alternative methods of prevention in the meantime). 

Viral replication, in the absence of ARVs, is expected to develop rapidly thereby facilitating HIV 

nucleic acid detection within days and anti-HIV antibodies within weeks. If no such viral rebound is 

detected, it’s unlikely Yossarian is HIV-infected (but not impossible). 

Whereas discontinuing ARV exposure is an acceptable management option for adults, managing 

indeterminate results among infants can be a lot trickier. In the first place, infants born to mothers taking 

ART are exposed to high levels of their mother’s ARVs in utero. So much so that HIV-infected infants 

can be born virally suppressed with no HIV RNA in their plasma. Furthermore, HIV-exposed infants 
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themselves are routinely prescribed ARV prophylaxis for at least a 6-week duration and, if they 

breastfeed, continue to ingest significant amounts of their mother’s ARVs for months after delivery. 

Secondly, infants who are truly-infected and exposed to ARVs soon after infection have a significant 

advantage by the very fact that viral dissemination has not occurred. If ARV-exposure is removed and 

viral rebound allowed to take place for the sake of diagnosis, not only do these infants have worse 

clinical outcomes but the fact that HIV has now seeded throughout their body potentially jeopardizes 

the success of novel cure strategies.  

Although HIV-infection in persons taking PrEP is uncommon, occurring in approximately 1 per 100 

person-years of use, the number of cases is set to rise with increasing usage. Furthermore, with an 

expanding national ART programme (4 million people living with HIV are already on treatment), and 

an alarmingly high HIV infection-rate among young women, the prospect of ARVs preventing and 

delaying infant diagnosis is escalating. Each year in South Africa thousands of infants are given an 

indeterminate HIV diagnosis, only a third of whom come back for follow-up testing. As half of these 

infants will be HIV-infected, diagnostic ambiguity resulting from ARV exposure needs to be treated as 

a public health emergency. Enhanced diagnostic modalities are being developed. However, as a first 

step to effectively address this challenge both healthcare workers and the general public need to acquaint 

themselves with a new Catch-22 – ARV prophylaxis can prevent HIV diagnosis.  
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SUMMARY 

More than 280 000 HIV-exposed infants are born each year in South Africa (SA), all of whom require 

polymerase chain reaction (PCR) testing during early infancy. Failure to diagnose HIV early and initiate 

combination antiretroviral therapy (cART) is associated with rapid disease progression and mortality 

among infants with perinatal HIV-infection. Importantly, early infant diagnosis (EID) occurs within the 

context of efforts to prevent mother-to-child transmission (PMTCT) of HIV, including maternal cART 

and infant prophylaxis - with some infants exposed to virologically suppressive levels of antiretrovirals 

(ARVs) at time of testing. Although the decreasing mother-to-child transmission rate in SA, currently 

<5%, is expected to result in an increased rate of false-positive results there is also evidence to suggest 

infant exposure to ARVs is associated with reduced sensitivity of PCR tests. The aim of this study was 

to evaluate the performance of infant HIV testing within the context of SA’s PMTCT programme. 

Analysis of routine laboratory data from the National Health Laboratory Service’s (NHLS) Corporate 

Data Warehouse (CDW) demonstrated that each year, for the period 2010–2015, more than 17 000 

specimens (>6%) failed to yield a laboratory verified positive or negative HIV PCR result. 

Indeterminate results accounted for nearly 3 000 of these ‘missed diagnostic opportunities’ each year. 

Since 2013, a standard operating procedure has been used within the NHLS defining HIV-detected 

results with a cycle threshold (Ct) >33.0 as indeterminate. Hence, indeterminate results are valid 

instrument-positive results that are interpreted as being inconclusive (i.e. not clearly positive but not 

negative either). Whereas the proportion of indeterminate results remained constant between 2013–

2015, at approximately 17% of instrument-positive results per annum, this increased subsequent to the 

introduction of routine birth testing in June 2015. In 2017, more than a third of instrument-positive 

results among infants aged <7 days were verified as indeterminate. Importantly, among a cohort of 

birth-tested infants more than half of those with an indeterminate result were confirmed HIV-infected 

on follow-up testing. The high proportion of indeterminate results at birth can partly be accounted for 

by low-level viraemia - HIV-infected infants aged <1 month have been found to have markedly lower 

pre-treatment viral load compared with older infants (P <0.001). Furthermore, age-adjusted viraemia 

has significantly declined since 2010 (P <0.001), likely attributable to PMTCT practices. As EID Ct 

and plasma viral load are inversely correlated, with every one cycle increase in EID Ct associated with 

a 0.3 log10 RNA decrease in viral load (95% CI: -0.3–-0.2), it is clear that low level viraemia among 

HIV-infected infants is contributing to the high level of indeterminate results. Unless current NHLS 

verification practices are revised, increasing diagnostic uncertainty within EID services can be 

expected. By employing irreproducibility of instrument-positive specimens instead of Ct, to define 

indeterminacy, our findings suggest that the volume of indeterminate results can be reduced without 

exacerbating the false-positive rate. Findings from this study have informed World Health Organization 

recommendations and SA guidelines for EID and will improve accuracy of results and reduce delay in 

diagnosis and linkage to care.  
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CHAPTER 1 

 

1.1. LITERATURE REVIEW 

1.1.1 Introduction 

Early initiation of combination antiretroviral therapy (cART) in HIV-infected infants has been found to 

considerably reduce early infant mortality by 76% and HIV progression by 75%.1 Hence, early infant 

diagnosis (EID) of HIV using highly sensitive virological methods, with rapid access to treatment for 

those who test positive, is considered best practice.2 Virological assays which utilize direct detection 

methods, such as polymerase chain reaction (PCR), are used for infant diagnosis on account of the 

passive transfer of maternal anti-HIV antibodies which precludes the use of standard serological assays 

in this population.3 The World Health Organization (WHO) recommends that all HIV-exposed infants 

have HIV virological testing performed at 4–6 weeks of age.2,4-5 Importantly, infant diagnosis occurs 

within the context of increasing efforts to prevent mother-to-child transmission (PMTCT) of HIV, 

which includes the provision of antiretroviral (ARV) agents to both HIV-infected mothers and HIV-

exposed infants.6 The potential for cART to compromise the accuracy of HIV PCR assays has been 

described.7 However, few studies have evaluated the performance of HIV PCR testing in infants 

exposed to ARV prophylaxis. 

 

1.1.2. Evolution of South Africa’s PMTCT programme 

Early infant diagnosis forms part of a broader package of PMTCT services which have evolved 

considerably over the past decade. In keeping with WHO guidelines, SA implemented PMTCT Option 

A in 2010, which advocated daily zidovudine (AZT) prophylaxis from 14-weeks gestation for all HIV-

infected pregnant women not otherwise eligible for life long cART (eligibility criteria defined as CD4 

count <350 cells/ml and/or WHO stage III/IV disease).8 In 2013, Option B was implemented, in which 

it was recommended cART be provided for the duration of pregnancy and breastfeeding to all women,9 

and in 2015 PMTCT guidelines were again revised, endorsing WHO Option B+ which recommends 

lifelong cART for all HIV-infected pregnant women regardless of CD4 cell count or clinical stage.10 
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All of these PMTCT Options recommend daily nevirapine (NVP) prophylaxis for HIV-exposed infants 

but differ in duration, with Option A advocating infant prophylaxis throughout breastfeeding and both 

Option B and B+ recommending infant prophylaxis for at least a 6-week duration.6 Within the era of 

Option B+, infants have been stratified according to risk of transmission with infants born to women 

newly diagnosed or on cART <4-weeks duration at time of delivery considered high-risk and prescribed 

12-weeks of daily NVP prophylaxis. Infants born to women with an HIV viral load >1 000 copies per 

millilitre (cps/ml) at time of delivery or newly diagnosed during breastfeeding are also considered high-

risk but prescribed daily zidovudine (AZT) in combination with NVP for a 6-week duration. These 

developments have been summarized by Moyo and colleagues and are presented in Table 1.11 

 

Table 1. Evolution of the South African PMTCT Guidelines, 2010–201511 

 2010 2013 2015 

 WHO Option A WHO Option B WHO Option B+ 

Maternal ART (i) If CD4 <350 or WHO 

stage III/IV: initiate cART 

lifelong 

(ii) If CD4 >350:  

AZT at 14-weeks’ gestation 

Single dose NVP + 

AZT/3TC at onset of labour 

AZT/3TC daily for 7 days 

postpartum 

All pregnant & 

breastfeeding HIV-

infected women initiated 

on cART for duration of 

pregnancy and 

breastfeeding 

(i) If CD4 >350: continue 

cART until 1-week post 

cessation of breastfeeding 

(ii) If CD4 <350: continue 

cART lifelong 

All pregnant and 

breastfeeding HIV-infected 

women initiated on lifelong 

cART 

Infant 

Prophylaxis 

Single dose NVP daily for 6 

weeks if mother is on cART 

or for duration of 

breastfeeding + 1 month 

post cessation of 

breastfeeding 

Single dose NVP daily for 

6 weeks 

Standard Risk:  

- Daily dose NVP for 6 

weeks 

High Risk*: 

- NVP for 12 weeks if 

mother is on cART <4 

weeks, or newly 

diagnosed at delivery 

- NVP + AZT for 6 weeks 

if maternal VL >1000 

cps/ml or newly 

diagnosed whilst 

breastfeeding. If HIV 

PCR is negative, 

continue NVP for a total 

of 12 weeks 

PMTCT, prevention of mother-to-child transmission; WHO, World Health Organization; cART, combination antiretroviral 

therapy; AZT, zidovudine; NVP, nevirapine; 3TC, lamivudine; VL, viral load; PCR, polymerase chain reaction; *High risk = 

mother on cART <4-weeks prior to delivery or latest maternal VL >1 000 cps/ml 

 

 

Guidelines for infant feeding have also evolved over the years. Prior to 2011, support for exclusive 

replacement feeding (i.e. formula feeding) was provided at public health facilities throughout SA. 
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However, subsequent to the Tshwane Declaration of Support for Breastfeeding, this service was 

terminated as the National Department of Health adopted the 2010 WHO guidelines on HIV and infant 

feeding. Hence, subsequent to 2011 all HIV-infected mothers have been advised to breastfeed their 

infants for a 12-month duration and receive maternal cART and infant prophylaxis to prevent HIV 

transmission.12-14 The WHO subsequently updated their guidelines in 2016, recommending HIV-

exposed infants breastfeed for a two-year duration.15 

1.1.3. Mother-to-child transmission landscape in South Africa 

South Africa’s PMTCT programme has successfully reduced the early infant transmission rate, defined 

as infections among HIV-exposed infants <2-months of age, from greater than 20% in 2004 to less than 

2% in 2015.16-18 Yet despite the marked achievements in reducing paediatric HIV infection, incidence 

among young women has remained alarmingly high.19-20 This in turn has resulted in the national 

antenatal prevalence remaining at around 30% for over a decade (Figure 1),21 giving rise to more than 

280 000 HIV-exposed infants born each year in SA.22  

 

 

Figure 1. The HIV epidemic curve among antenatal women, South Africa, 1990–201521  

 

1.1.4. Infant diagnostic services within South Africa 

Perinatal HIV-infection is associated with rapid disease progression and early infant mortality.23-26 

Importantly, EID followed by prompt cART initiation has been associated with a marked reduction in 

both infant morbidity and mortality.1 This has prompted guidelines recommending universal testing 

during early infancy for all HIV-exposed infants.4 On account of the inability of serological assays to 

accurately diagnose HIV in infants, nucleic acid tests have been used instead.3 Although there are now 
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commercially available EID point-of-care (POC) assays approved for in vitro diagnostic use, on account 

of the significant infrastructure and expertise previously needed for routine molecular diagnostics, all 

clinical EID testing has, until recently, been performed within specialized diagnostic laboratories.  

The National Health Laboratory Service (NHLS) provides diagnostic services for the whole of the 

public health sector in SA, estimated at 80% of the total population of the country.27 From 2004, when 

HIV PCR testing first became available, all EID testing has been performed within 10 centralized 

laboratories, namely Groote Schuur, Tygerberg, Dora Nginza, Umtata, Universitas, Inkosi Albert 

Luthuli Central Hospital, Tshwane Academic Division, Charlotte Maxeke Johanesburg Academic, 

Chris Hani Baragwanath Academic, and, until 2013, Dr George Mukhari. All of these laboratories are 

certified by the South African National Accreditation System (SANAS ISO 15189) as part of a national 

quality assurance programme. All NHLS results, including patient demographic data entered on the 

laboratory information system (LIS), are stored centrally within the NHLS Corporate Data Warehouse 

(CDW),27 thereby providing the opportunity to leverage routine laboratory data for surveillance 

purposes. Indeed, the NHLS CDW has been validated against other data sources and has proven to be 

an accurate and cost-effective surveillance tool for monitoring mother-to-child transmission of HIV 

during early infancy.16,27  

 

1.1.5. Infant HIV testing guidelines 

The WHO recommends that all HIV-exposed infants and children younger than 18 months should be 

tested for HIV with a virological assay within 4–6 weeks of birth.2,4-5 Infants with a positive result 

should be started on cART as soon as possible with a sample taken for confirmatory testing at the same 

time as treatment initiation.2,4-5 Importantly, on account of the rapid disease progression and long 

laboratory turn-around times within many health care settings, infants should not wait for their 

confirmatory result prior to starting cART.2,4-5 

Since the implementation of SA’s PMTCT programme in 2004,28 routine HIV PCR testing at 6-weeks 

of age has been the mainstay of EID within the public health sector (Table 2). However, in June 2015 

the standard 6-week PCR test was replaced with routine testing at birth and 10-weeks of age.10 The 

rationale for this change in policy included findings that intrauterine infected infants have a more rapid 

disease onset and higher risk of mortality than those infected through other transmission routes,29-30 

infants diagnosed at 6-weeks of age in SA were failing to link to care prior to presenting with advanced 

morbidity,26,31 and that within the context of SA’s effective PMTCT programme, intrauterine infections 

outnumbered intrapartum infection by up to three to one.32 Hence, it was suggested testing at birth 

would identify intrauterine infected infants at time of delivery and allow for earlier cART initiation, 

and 10-week testing would provide the opportunity to diagnose intrapartum infections which would be 
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undetectable at birth. The reason for testing at 10-weeks and not 6-weeks was based on concerns that 

infant ARV prophylaxis might negatively impact the diagnostic sensitivity of virological assays.33 

Current SA guidelines advocate initiation of treatment within one week of testing HIV PCR positive, 

with confirmatory testing performed using the same EID assay but on a second sample.10 Similar to 

WHO guidelines, SA guidelines recommend that cART should not be delayed by waiting for the 

confirmatory result.10 

Table 2. National guidelines for HIV diagnosis of exposed infants <18 months of age, 2004–2015 

2004* 2008 2010 2013 2015 
HIV PCR at ≥6 weeks 

 

If Positive:  

 HIV VL test at 

baseline 

 Repeat HIV PCR 

test only if child 

is asymptomatic 

 

 

 

 

 

If Negative: 

 Repeat PCR 6 

weeks post 

breastfeeding 

cessation 

HIV PCR at 6 weeks  

 

If Positive:  

 HIV VL test at 

baseline 

 Repeat HIV 

PCR test only 

if child is 

asymptomatic 

 

 

 

 

If Negative: 

 Repeat PCR if 

infant 

symptomatic 

 Repeat PCR 6 

weeks post 

breastfeeding 

cessation 

HIV PCR at 6 weeks 

 

If Positive: 

 Confirmatory 

HIV VL test: 

VL >10 000 

cps/ml confirms 

HIV positive 

status 

 Initiate cART 

prior to VL 

result 

 

If Negative: 

 Repeat PCR at 

any time if 

infant 

symptomatic 

 Repeat PCR 6 

weeks post 

breastfeeding 

cessation 

 

HIV PCR at 6 weeks 

 

If Positive: 

 Confirmatory 

HIV VL test 

 Initiate cART 

prior to VL 

result 

 

 

 

 

 

If Negative: 

 Repeat PCR at 

any time if 

infant 

symptomatic 

 Repeat PCR 6 

weeks post 

breastfeeding 

cessation 

HIV PCR at birth  

 

If Positive: 

 Confirmatory 

HIV PCR 

 Initiate cART 

same day as 

confirmatory 

PCR submitted 

 

 

 

 

If Negative: 

 Repeat PCR at 

any time if 

infant 

symptomatic 

 Repeat PCR at 

10 weeks  

 Repeat PCR at 

18 weeks (if 

completed 12 

weeks of NVP 

prophylaxis) 

 Repeat PCR 6 

weeks post 

breastfeeding 

cessation 

 Repeat PCR if 

breastfeeding 

and maternal 

VL> 1000 

cps/ml 

 

*Testing recommended for infants <15 months; PCR, polymerase chain reaction; VL, viral load; cps/ml, copies per 

millilitre; cART, combination antiretroviral therapy  

 

1.1.6. Assays used for early infant diagnosis in South Africa 

Within the NHLS, all HIV PCR testing is performed on whole blood specimens, either spotted on a 

dried blood spot (DBS) card (typically collected via a capillary heel-prick) or as 

ethylenediaminetetraacetic acid (EDTA) anti-coagulated whole blood (typically collected via 

phlebotomy using a Microtainer® tube). Whereas approximately 70 μl of whole blood is tested using a 
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DBS specimen, 100 μl of EDTA whole blood is used. Although the former uses a smaller volume, DBS 

specimens have been found to yield accurate results and have proven to be of particular value for 

outlying public health care facilities where they have facilitated specimen collection, storage and 

transport.34 

Since 2010, SA has utilized the same HIV PCR assay for HIV infant diagnosis throughout the public 

sector. The COBAS® AmpliPrep/COBAS® TaqMan (CAP/CTM) HIV-1 Qualitative Test (Roche 

Molecular Systems, Inc., Branchburg, NJ, USA) is a total nucleic acid real-time reverse transcriptase 

PCR assay that detects HIV-1 proviral DNA and HIV-1 RNA on whole blood specimens. A new version 

of the assay, CAP/CTM v2.0, was introduced during the course of 2014 with a reported improvement 

in the lower limit of detection of 220 RNA cps/ml as compared with 1 090 RNA cps/ml.35-36 The 

CAP/CTM v2.0 assay was found to have a 100% correlation with the Abbott RealTime HIV-1 

Qualitative assay using clinical early infant DBS specimens, and a sensitivity of 100% and specificity 

of 99.9% using clinical specimens from adults (the original version of the assay was found to have a 

sensitivity of 99.7% and a specificity of 100%).35-37 On account of its dual primer design, which targets 

highly-conserved sequences within both the gag and long terminal repeat (LTR) regions, it is expected 

that the CAP/CTM v2.0 assay will control for gag mutations which, although thought to be rare, have 

been identified in the SA infant population.38 

All infants with an HIV PCR positive result must have a confirmatory virological test on a second 

specimen, as per national guidelines. Whereas prior to 2015 an HIV viral load test was utilized both to 

confirm HIV positive status and as a baseline test to monitor treatment,8-9,28 from 2015 a confirmatory 

HIV PCR was recommended and viral load testing performed after 6 months of starting cART.10 Similar 

to qualitative HIV PCR testing, HIV RNA quantitative testing has also been standardized within the SA 

public health sector. Since 2010, all HIV RNA viral load tests have been performed using plasma on 

one of two assays - either the CAP/CTM HIV-1 Test, v2.0 (Roche Molecular Systems, Inc., Branchburg, 

NJ, USA) or Abbott RealTime HIV-1 Test (Abbott Molecular, Inc., Des Plaines, IL, USA) with the 

lower limit of quantification being 20 RNA cps/ml and 40 RNA cps/ml, respectively.39-40 However, on 

account of frequent low paediatric sample volumes, variable dilution factors are used resulting in the 

lower limit of quantification ranging from 20 to 150 RNA cps/ml. 

It is worth noting that although plasma RNA tests are considered suitable by the WHO for EID,5 there 

is currently no consensus on what level of viraemia should be considered a true positive result in infants. 

Guidelines from the United States recommend a cut-off ≥5 000 RNA cps/ml in plasma as being 

diagnostic.41 These recommendations are based on findings that HIV RNA levels <5 000 cps/ml have 

been associated with poor reproducibility.42-43 Importantly, commercial assay developments, including 

use of enzymes to reduce risk of amplicon contamination and closed analytical systems,44-45 have been 
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associated with marked improvement in specificity of virological assays over the years and are likely 

to be associated with an improved positive predictive value at lower viral load levels.39-40 

  

1.1.7. Result verification and indeterminate HIV PCR results 

The decreasing mother-to-child transmission rate, and increase in testing coverage, are expected to 

result in a declining positive predictive value of EID assays.46 For example, where the specificity of a 

test is 99.9%, as reported for the CAP/CTM v2.0 assay,36 and the HIV-prevalence in the tested 

population is 5%, then the expected positive predictive value of the test is 98% (i.e. 2% false-positive 

rate). However, for the same assay but where the HIV-prevalence is 1%, as SA’s in utero transmission 

rate was estimated to be in 2016,47 the expected positive predictive value is only 91%. Hence, within 

the successful universal birth-testing programme in SA, an estimated 9% of infants with an instrument-

positive result at birth would have received a false-positive result in 2016. As a means of addressing 

the expected increase in the proportion of false-positive results, an analytical grey-zone has been 

incorporated within the NHLS’ EID verification process. Whereas the term ‘equivocal’ has been used 

in the past to qualify HIV PCR results of uncertain significance, this term has been replaced with 

‘indeterminate.’ Indeterminate HIV PCR results have a detectable target, as determined by the 

instrument, but the amplified fluorescence signal is of such a low intensity that it could potentially be a 

false-positive result. Standard operating procedures (SOPs) within the NHLS define results as 

indeterminate according to specific real-time PCR parameters. The cut-off criteria are based on 

laboratory findings of poor positive predictive value and irreproducible positive results associated with 

higher cycle threshold (Ct) and lower relative fluorescence intensity (RFI) values on the original 

CAP/CTM assay.48-49 The Ct value of a real-time PCR result refers to the number of thermal cycles 

required for the fluorescence signal to cross the diagnostic intensity threshold of the assay, and should 

therefore be inversely proportional to the amount of target nucleic acid present in the specimen tested. 

Since 2013, the NHLS’ national EID SOP has defined an indeterminate HIV PCR result as a valid 

instrument-positive result that has a Ct value >33.0 and/or RFI <5.0. The same diagnostic criteria have 

continued to be used for the CAP/CTM v2.0 which was introduced in EID laboratories in 2014. 

Examples of the amplification curves of a typical positive and a typical indeterminate CAP/CTM result, 

published by Maritz and colleagues, are presented in Figure 2.48 In contrast to an instrument-positive 

result, a typical negative result is represented by a flat target line. Hence, there is usually no target Ct 

as the fluorescence signal does not cross the diagnostic intensity threshold of the assay. 
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Figure 2. CAP/CTM amplification curves of a typical positive result (top) and a typical 

indeterminate result (bottom). Ct is represented on the x-axis and RFI is represented on the y-

Axis. ‘Target’ refers to HIV-detection of the clinical sample and ‘QS’ refers to the internal 

control48 

 

1.1.8. Diagnostic assay validation 

The CAP/CTM v2.0 is approved for in vitro diagnostic use as per the European In Vitro Diagnostic 

Medical Device Directive 98/79/EC, and is Conformité Européene (CE) marked accordingly.37 The CE 

mark is a conformity mark which all European medical devices must have before they can be marketed 

in the European Economic Area and amounts to a declaration by the manufacturer that the device meets 

all the appropriate provisions of the relevant legislation, including safety, and has been assessed in 

accordance with the appropriate procedures.50 Accordingly, it is an essential requirement that all in vitro 

diagnostic medical devices achieve the manufacturer’s stated performance in terms of analytical 

sensitivity, diagnostic sensitivity, analytical specificity, diagnostic specificity, accuracy, repeatability, 

reproducibility, and limits of detection and that such performance evaluation data should originate from 

studies in a clinical or other appropriate environment or result from relevant biographical references.51  

Positive 

Indeterminate 
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1.1.9. Analytical sensitivity and diagnostic sensitivity  

Analytical sensitivity refers to the ability of an assay to detect very low concentrations of a given analyte 

in a biological specimen. Hence, analytical sensitivity can also be referred to as the lower limit of 

detection of an assay, defined as the lowest actual concentration of analyte in a specimen that can be 

consistently detected.2,52-53 Whereas analytical sensitivity is considered an inherent characteristic of an 

assay, diagnostic sensitivity is not and refers to the percentage of individuals with a given disorder who 

are identified by the assay as positive for the disorder.52-53 In the case of HIV assays, the WHO defines 

diagnostic sensitivity as the percentage of HIV-infected individuals who are identified as HIV-positive 

by the assay.2 Unlike analytical sensitivity, diagnostic sensitivity can be influenced by the clinical 

application of the test.52-53 For instance, a specimen from a person with a given disorder may not have 

the target substance present on account of clinical factors, such as variations in the collection, storage, 

processing of the specimen prior to testing, or treatment. For this reason, a high analytical sensitivity of 

a test cannot guarantee an acceptable diagnostic sensitivity - even an assay with perfect analytical 

sensitivity will fail to yield a positive result if the target substance is not present in the processed 

specimen.52-53 

The WHO strongly recommends that HIV virological assays used for the purpose of clinical diagnostic 

testing have a sensitivity of at least 95% (ideally greater than 98%) and specificity of at least 98% under 

quality-assured, standardized and validated laboratory conditions.4-5 Commercially available CE 

marked HIV PCR assays, such as the CAP/CTM v2.0 and Abbott RealTime qualitative tests, meet these 

criteria in so far as validation studies performed by the manufacturer attest. Importantly, however, these 

studies have evaluated diagnostic sensitivity by testing adult clinical specimens and sequential 

specimens from HIV seroconversion panels.37,40 Hence, the package inserts do not report on the 

diagnostic sensitivity among HIV-infected ARV-exposed infants (i.e. the population for which the test 

is clinically used). Although the performance of each assay is compared to a competitor assay, for which 

both assays report high agreement, good method correlation cannot guarantee acceptable diagnostic 

sensitivity.  

 

1.1.10. Infant exposure to antiretroviral drugs 

As cART becomes more readily available in resource-limited settings, a rapid rise in the number of 

foetal ARV drug exposures is expected.54 On account of the PMTCT developments outlined above, 

infants are being exposed to a greater number of drugs over a longer duration. This includes in utero 

exposure to maternal ARVs and postnatal exposure to both infant prophylactic regimens and maternal 

ARVs transferred in breastmilk. 



10 
 

Antiretrovirals belonging to the nucleoside/nucleotide reverse transcriptase inhibitor (NRTI/NtRTI), 

non-nucleoside reverse transcriptase inhibitor (NNRTI), protease inhibitor (PI), and integrase strand 

transfer inhibitor (INSTI) drug classes have all been found to cross the placental barrier.55 Tenofovir 

(TDF), emtricitabine (FTC), and efavirenz (EFV), which in combination comprise SA’s first-line 

treatment regimen for adults and adolescents, including pregnant women,10 have demonstrated 

moderate maternal-to-foetal transfer in utero.55 Although EFV is not approved for use in neonates on 

account of lack of safety and dosing data,41 studies suggest foetuses are exposed to virologically 

suppressive drug concentrations.56-57 Furthermore, breastfed infants continue to be exposed to 

biologically significant concentrations of EFV during the first few weeks of life.58 Breastfed infants 

between two and seven days of age have been found to have a median plasma EFV level of 1 590 

nanograms per millilitre (ng/ml), decreasing to 194 ng/ml between 9 days to 3 months of age.58 Whereas 

an EFV mid-dosing interval therapeutic range of between 1 000 ng/ml and 4 000 ng/ml has been 

described for adults, the minimum effective concentration of EFV for infants is unknown.59 Indeed, 

even among adults, the minimum effective concentration is uncertain where a range of between 470 

ng/ml and 760 ng/ml has been suggested.60 Bienczak and colleagues have proposed a therapeutic cut 

off of 650 ng/ml for infants, although the majority of infants below this threshold still have viral load 

results <100 RNA cps/ml.61 Other ARVs found to be transferred to infants via breast milk include TDF, 

FTC, lamivudine (3TC), and NVP.62-64 Exposure to TDF and 3TC is, however, considerably lower from 

breastfeeding than in utero exposure,65 with TDF not thought to be transferred in clinically significant 

concentrations via breast milk.64 

In addition to in utero and postnatal exposure to maternal ARVs, infants are routinely prescribed daily 

NVP for at least a 6-week duration. Infants deemed high-risk for HIV acquisition, on account of 

maternal cART duration of <4-weeks or viral load >1 000 cps/ml at time of delivery, are prescribed 

either prolonged daily NVP for a 12-week duration or dual prophylaxis with daily AZT/NVP for a 6-

week duration.10 Few studies have described serial measurements of drug concentrations among infants 

taking prophylactic ARV regimens. One study has reported median NVP trough concentrations of >1 

000 ng/ml at 8-weeks of age, maintained up to 6-months of age, among breastfed infants receiving daily 

NVP prophylaxis of 4 milligrams per kilogram (mg/kg).66 The pharmacological goal of prophylactic 

regimens is to maintain plasma NVP concentrations of >100 ng/ml (10 times the in vitro IC50).67 

Whereas a NVP target therapeutic trough level of >3 000 ng/ml has been described for adults, the 

minimum effective concentration predictive of virological suppression among infants has proven to be 

difficult to define.68 This is possibly due to the combined effect of NRTI exposure as well as other 

variables including pre-treatment viral load.68 A population pharmacokinetic model has suggested that 

NVP prophylactic dosing of 15 mg once daily for infants >2.5 kg, is likely to maintain therapeutic NVP 

levels for approximately a quarter of infants during the first two weeks of life.67 However, the effect of 
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host genetic polymorphisms was not taken into account. Hence, these estimates are likely to be 

conservative.  

Single nucleotide polymorphisms (SNPs) of the cytochrome P450 family of enzymes are known to 

influence plasma EFV and NVP concentrations. In particular, the CYP2B6 516G>T genotype has been 

described as a principal risk factor for toxicity-related EFV levels in adults and has been found to confer 

relatively high plasma EFV levels in nursing infants.58,69 Genotypic frequency studies conducted in 

black SA populations have described homozygous CYP2B6 516G>T SNP rates comparable with the 

prevalence in other African populations of around 12.5%,69 suggesting a non-negligible proportion of 

South Africans will be poor metabolizers of both EFV and NVP.70 

 

1.1.11. Clinical implications of infant antiretroviral drug exposure 

There are clear benefits of therapeutic and prophylactic ARV regimens for maternal health and 

prevention of perinatal HIV transmission.71-72 However, the clinical implications of ARV exposure 

among HIV-exposed uninfected (HEU) infants remain underdetermined.54 HIV-exposed uninfected 

infants have substantially higher morbidity and mortality as compared with infants who are HIV-

unexposed.73 Many reasons and mechanisms are likely to account for these differences, including social 

determinants of health, immune activation, and infant ARV exposure.74 Regarding the latter, women 

who start cART prior to conception, in comparison to those who initiate cART after conception, are 

more likely to deliver preterm, very preterm, or low-birthweight infants.75-76 In utero cART exposure 

has also been associated with significantly lower length for age and height for age at 24 months among 

HEU infants.77 Importantly, preterm delivery and suboptimal infant growth are associated with 

significant infant morbidity and mortality in resource-limited settings.78-79 Furthermore, HEU children 

may be at increased risk of cognitive and motor delays, possibly related to ARV exposure, although 

there is conflicting data regarding this.80 The associations between exposure to NRTI, mitochondrial 

toxicity and neurodevelopment have been investigated, with equivocal results. However, there is 

mounting concern that in utero exposure to EFV could have serious neurodevelopmental and 

neuropsychiatric consequences, with very few studies evaluating this.73,81 In addition to the 

pharmacodynamic aspects of ARV exposure and infant health, there is concern that ARV prophylaxis 

may impact negatively on the sensitivity of virological assays.82 

 

1.1.12. The impact of antiretroviral drugs on early infant diagnosis 

Whereas treatment with cART in infants is known to be capable of reducing HIV nucleic acid levels to 

below PCR diagnostic threshold values on whole blood,7 there are limited and conflicting data regarding 
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the effect of maternal and/or infant ARV PMTCT exposure on the sensitivity of HIV PCR assays. Some 

studies have reported that the results of HIV DNA PCR assays do not vary according to receipt of 

maternal or infant ARV prophylaxis,83 whereas others have suggested that the duration of exposure to 

certain ARV agents influences the age at which HIV can be detected.84 A more recent study found that 

PCR assays had a sensitivity of 89% at one month of age among infants given daily AZT prophylaxis.85 

Much of the conflicting data regarding the effect of prophylactic ARV regimens on the sensitivity of 

PCR assays likely reflects differences in testing procedures and prophylactic regimens. Certainly there 

is increasing evidence to suggest that ARV prophylaxis is associated with false negative HIV DNA and 

RNA PCR results when testing is performed during or soon after prophylactic exposure.32,85-87 

Furthermore, it is probable that multidrug prophylaxis is likely to have a greater impact on the sensitivity 

of PCR assays compared to single-drug exposure. A significantly longer time to HIV detection has been 

observed among infants who received cART when compared to infants who received either a single 

NRTI regimen or no ARVs,88 with PCR sensitivity found to be only 80% at 2-months of age among 

formula-fed high-risk infants receiving triple-drug prophylaxis in Thailand.89 Delayed HIV detection 

has also been reported among infants exposed to postnatal ARV prophylaxis during breastfeeding.90 

These findings most likely reflect ARVs suppressing HIV replication in vivo and limiting the reservoir 

size in peripheral blood mononuclear cells prior to sampling, as ARVs themselves have not been found 

to be interfering substances. Numerous agents from the NNRTI class of drugs, including EFV and NVP, 

NRTI class and PI class have been shown not to interfere with the detection of HIV RNA or impact the 

specificity of the CAP/CTM v2.0.37,39 Of particular concern is the possibility that simultaneous ARV 

ingestion in the breast milk and in the form of infant prophylaxis, as per current guidelines, may be 

sufficient to suppress HIV replication below the limit of detection of diagnostic assays. This may be of 

even greater relevance in health settings like SA which utilize dried blood spot specimens, as a lower 

specimen volume is used for testing as compared to EDTA whole blood. Although a recent systematic 

review concluded that there is currently no evidence to suggest virological testing performed on DBS 

has poor performance when infants are exposed to ARVs,91 the authors acknowledge the limited and 

low-quality evidence and note that further research is necessary to assess accuracy of PCR testing at 

different time-points and in the context of more effective PMTCT interventions. 

As earlier validation studies of PCR assays were performed at a time when less ARV-intensive PMTCT 

regimens were provided to infants, there is an urgent need to reassess performance within the context 

of SA’s PMTCT programme. Data from a nationally representative HIV-exposed cohort, followed up 

when South Africa changed from a PMTCT Option A to Option B programme, suggests that the 

cumulative postnatal infection rate at 18 months of age was 4.3%.92 As the early mother to child 

transmission rate at this time was estimated to be 2.6%, the comparatively high postnatal infection rate 

might partly be accounted for by false-negative PCR results at 4-8 weeks of age. Studies have yet to 

determine the performance of diagnostic testing in infants receiving daily NVP prophylaxis, either alone 
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or in addition to ARVs transferred to infants in utero and via breastmilk from mothers taking cART. 

Such studies are important as failure to diagnose HIV in infants can have a number of serious 

consequences. As previously indicated, delayed diagnosis and delayed cART initiation are associated 

with high mortality and morbidity rates among HIV-infected infants.1,23 Furthermore, sub-therapeutic 

ARV regimens designed to prevent HIV infection may give rise to drug resistance in those infants who 

are infected, especially considering the prolonged period of time over which they are provided.93-95 The 

possibility that ARVs may compromise the sensitivity of HIV PCR assays could also result in 

misleading data regarding the efficacy of PMTCT programmes. National population-based studies 

reported an early mother-to-child transmission rate of around 3% in 2011.96 However, these data are 

based on HIV-1 PCR testing performed in infants aged 4–8 weeks and, hence, during exposure to ARVs. 

The overall effectiveness of the national PMTCT programme remains unknown as there is currently no 

data available regarding the national HIV prevalence in infants after the cessation of breastfeeding. 

Hence, vertical transmission rates of HIV may be an under-estimation. Conversely, viral suppression 

due to infant ARV exposure may also result in an over-estimation of postnatal transmission whereby 

some infants with intrauterine and intrapartum infection test positive only during the postnatal period, 

having received false-negative results at earlier testing time-points. 

False-negative and indeterminate HIV PCR results can also have significant social consequences, 

particularly in the field of adoption medicine. There are an estimated 3.8 million orphans in SA.97 

Although no national guidelines regarding the appropriate medical evaluation of children prior to 

adoption have been endorsed,98 there is provision in the national PMTCT guidelines to provide NVP 

prophylaxis to abandoned newborn infants for a 6-week duration followed by HIV PCR testing.10 As 

matching of the infant with prospective adoptive parent(s) and future placement is frequently 

determined by HIV status, false-negative results can have devastating consequences for all parties 

involved. Furthermore, confirmatory HIV PCR testing, once cART has been initiated, can result in a 

loss of detectability of HIV which can prove challenging as far as counselling and retention in care are 

concerned.82 This problem has become even more complex following the realisation that functional 

cure cases are a clinical reality.99-100 

Whereas the WHO has expressed concern regarding the inevitable increase in the proportion of false-

positive EID results associated with a decline in mother-to-child transmission rates,101 the potential for 

ARV-exposure to result in false-negative HIV PCR results and the management of discordant results 

within the context of PMTCT and are not dealt with.5 The WHO does, however, acknowledge that the 

sensitivity of PCR tests depends on the time of testing after acquisition of infection and suggests that a 

negative status of infants exposed to PMTCT regimens should be interpreted with caution.2  
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1.2. PROBLEM STATEMENT 

Early infant diagnosis of HIV and timely initiation of cART among HIV-infected infants is critical. 

Failure to do so is associated with rapid disease progression and early mortality. With more than 280 

000 HIV-exposed infants born each year in SA, the demand for EID services is considerable. All clinical 

laboratory testing within the country’s public health sector is performed by the NHLS, thereby 

providing the opportunity to monitor the PMTCT programme using routine laboratory data. Infant 

testing volumes have increased greatly over recent years, associated with improved testing coverage 

and changes in guidelines, from approximately 250 000 total tests performed in 2010 to over half a 

million in 2015. Whereas in 2004, when a single PCR test was recommended at 6-weeks of age, current 

recommendations include testing at birth, 10-weeks of age and 6-weeks post-cessation of breastfeeding; 

with additional HIV PCR testing recommended for any patient presenting with signs or symptoms in 

keeping with HIV and confirmatory testing performed for those infants who test positive. Within such 

a large testing programme it is essential to monitor quality of diagnostic services, including test-requests 

that fail to yield a valid positive or negative result. By minimising unnecessary delays in infant diagnosis 

and facilitating linkage to care it is hoped that a reduction in HIV-associated morbidity and mortality 

can be achieved. 

As EID testing volumes have increased, there has also been a marked reduction in paediatric HIV-

incidence associated with a successful PMTCT programme. Whereas >20% of HIV-exposed infants 

<2-months of age tested PCR positive prior to 2004, the early infant transmission rate for 2015 was 

estimated at 1.5%. Importantly, the positive predictive value of any diagnostic modality inevitably 

decreases with disease prevalence. To address the increased likelihood of false-positive HIV PCR 

results, the NHLS introduced standardized interpretive EID guidelines in 2013 recommending valid 

instrument-positive results with a Ct of >33.0 and/ or a RFI of <5.0 be verified as indeterminate. 

However, no clinical guidance regarding management of patients with indeterminate results was 

available at the time. Furthermore, these indeterminate criteria were described for the original version 

of the CAP/CTM qualitative HIV PCR assay which was employed as the only EID assay within the 

NHLS from 2010. A new version, the CAP/CTM v2.0, was introduced in 2014 raising questions 

regarding whether the same criteria to differentiate clearly positive from inconclusive HIV PCR results 

were appropriate.  

Although the decreasing mother-to-child transmission rate in SA is expected to be associated with an 

increased proportion of false-positive results, there is also evidence to suggest infant exposure to ARVs 

is associated with reduced sensitivity of PCR tests and delayed diagnosis. However, few studies have 

evaluated the performance of PCR testing in infants exposed to ARV prophylaxis. It is not clear whether 

the SA PMTCT programme has had an effect on infant viraemia, indeterminate HIV PCR results and 
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loss of detectability of HIV. Furthermore, it remains to be determined whether infants within the SA 

PMTCT programme are exposed to virologically suppressive levels of ARVs at time of PCR testing. 
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1.3. AIM AND OBJECTIVES 

 

Aim 

The aim of this study was to evaluate the performance of infant HIV testing within the context of SA’s 

evolving PMTCT programme (from adoption of WHO Option A to B and B+) between the years 2010 

and 2015 with reference to missed diagnostic opportunities, viraemia, ART levels and indeterminate 

results. 

 

Objectives 

1. To describe, enumerate and characterize samples registered for HIV PCR testing that fail to yield 

either a positive or negative result (including indeterminate results) 

2. To provide clinical guidance for the interpretation and management of HIV PCR indeterminate 

results 

3. To describe baseline HIV viral load results within SA’s EID program according to age and year 

4. To correlate HIV PCR cycle-threshold values with plasma HIV viral load among intrauterine 

infected neonates 

5. To investigate the HIV status of infants with indeterminate HIV PCR results and to establish 

appropriate real-time PCR criteria to differentiate true-positive from inconclusive HIV-detected 

PCR results 

6. To describe the NNRTI levels at the time of HIV PCR testing among infants within the PMTCT 

programme 
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1.4. ARTICLES 

Table 3. Articles submitted to peer-reviewed journals 

Article Title Objective Journal Status 

1.4.1. Missed diagnostic 

opportunities within 

South Africa's early 

infant diagnosis 

program, 2010–2015 

To describe, enumerate and 

characterize samples registered 

for HIV PCR testing that fail to 

yield either a positive or 

negative result (including 

indeterminate results) 

 

PLoS ONE Published 

1.4.2. Recommendations for 

the management of 

indeterminate HIV PCR 

results within South 

Africa’s early infant 

diagnosis programme 

To provide clinical guidance for 

the interpretation and 

management of HIV PCR 

indeterminate results 

 

Southern 

African 

Journal of 

HIV 

Medicine 

Published 

1.4.3. Declining Baseline 

Viraemia and Escalating 

Discordant HIV-1 

Confirmatory Results 

within South Africa's 

Early Infant Diagnosis 

Program, 2010-2016 

To describe baseline HIV viral 

load results within SA’s EID 

program according to age and 

year 

 

Journal of 

Acquired 

Immune 

Deficiency 

Syndromes 

Published 

1.4.4. Early Infant Diagnosis 

HIV-1 PCR tests predict 

infant viral load at birth 

 

To correlate HIV PCR cycle-

threshold values with plasma 

HIV viral load among 

intrauterine infected neonates 

 

Journal of 

Clinical 

Virology 

Accepted 

pending 

revision 

1.4.5. Differentiating clearly 

positive from 

indeterminate results: A 

review of irreproducible 

HIV-1 PCR positive 

samples from South 

Africa's Early Infant 

Diagnosis Program, 

2010–2015 

To investigate the HIV status of 

infants with indeterminate HIV 

PCR results and to establish 

appropriate real-time PCR 

criteria to differentiate true-

positive from inconclusive HIV-

detected PCR results 

 

Diagnostic 

Microbiology 

and 

Infectious 

Disease 

Published 

1.4.6. Non-nucleoside reverse 

transcriptase inhibitor 

levels among HIV-

exposed uninfected 

infants at the time of 

HIV PCR testing – 

findings from a tertiary 

healthcare facility in 

Pretoria, South Africa 

To describe the NNRTI levels at 

the time of HIV PCR testing 

among infants within the 

PMTCT programme 

 

Journal of 

International 

AIDS 

Society 

Accepted 

pending 

revision 
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1.4.1. Article 1: Missed diagnostic opportunities within South Africa’s early infant diagnosis 

program, 2010– 2015 

Source of data and methods 

Data were extracted from the NHLS CDW, the central data repository of all registered test-sets within 

SA’s public health sector. An automated linking-algorithm using probabilistic matching of patient 

demographics was used to match multiple results to a single patient. Categorization of coded errors was 

performed by two pathologists who generated inductive groups, informed by the LIS rejection codes. 

Samples registered for HIV PCR testing that required but did not yield a valid positive or negative result 

were defined as missed diagnostic opportunities (MDOs). These were further categorized as either pre-

analytical or analytical error, depending on whether the sample was rejected prior to HIV PCR testing 

or subsequent to testing, as indicated by the rejection code. It is worth noting that standard operating 

procedures defining indeterminate results were adopted throughout the NHLS only in 2013. Prior to 

this, various laboratory-specific Ct and RFI cut-offs were used. 

Summary of the results 

Between 2010 and 2015, 2 178 582 samples were registered for HIV PCR testing of which 6.2% (134 

339) failed to yield either a positive or negative result, decreasing proportionally from 7.0% (20 556) 

in 2010 to 4.4% (21 388) in 2015 (P <0.001). Amongst 86 516 coded errors, 89.0% (76 972) could be 

defined as MDOs (i.e. required a result) whereas the remainder did not require a result (e.g. rejected 

due to duplicate registration). Among MDOs, 64.4% (49 585) were a result of pre-analytical error and 

35.6% (27 387) analytical error. Indeterminate results comprised two-thirds of analytical errors and 

accounted for approximately 17% of instrument-positive results per annum between 2013 and 2015. 

Only 34% of infants with an MDO had a subsequent HIV PCR test registered, with follow-up testing 

registered after a median of 29 days (IQR: 13–57) from the previous test. On follow-up testing, 8.4% 

of MDOs tested positive compared to 3.6% of all samples submitted for the same period. 

Discussion points and contribution to the field 

Routine laboratory data provides the opportunity for near real-time surveillance and quality 

improvement within the EID program. Despite a decrease in the proportion of HIV PCR test-sets that 

failed to yield either a positive or negative result between 2010 and 2015, there were still unacceptably 

high volumes of rejected and indeterminate samples within SA’s infant testing program in 2015. Among 

patients with an MDO, only one third had evidence of repeat testing. However, as mentioned as a 

limitation to this study, the patient linking-algorithm likely under-estimated the true follow-up rate. 

Without a unique patient identifier available at birth, it is acknowledged that follow-up analysis using 

laboratory data is inherently problematic. This prompted a pilot project in collaboration with Tshwane 
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District Health Services whereby the patient-retained immunization record, the Road to Health Booklet 

(RTHB), was leveraged as a unique patient identifier. This study demonstrated that usage of a RTHB 

Identifier provides an effective scalable approach to laboratory-based surveillance, facilitating health 

care provider access to all test results from birth.101 Gauteng Provincial Health Department has 

subsequently rolled-out RTHB Identifiers to assist with paediatric HIV surveillance and linkage to care.  

Whilst it is understood that complete elimination of laboratory testing error is unrealistic, improved 

communication among caregivers is considered a practical means of reducing the HIV PCR rejection 

rate. The delay in diagnosis and wastage of resources associated with rejected samples must be 

addressed and infants actively followed-up as SA works towards eliminating mother-to-child 

transmission of HIV. Towards this end, monthly reports are being distributed to clinics and laboratories 

specifying the number and reasons for MDOs as a means of directing in-service training. These reports 

can be accessed via a self-service portal on the website of the National Institute for Communicable 

Diseases (www.nicd.ac.za), details of which will be included in the 2018 update of SA’s National 

PMTCT Guidelines. 

Apart from a spike in invalid results in 2015, on account of isolated laboratory practice, no clear increase 

in analytical errors was observed. However, it was noted that routine birth testing was only introduced 

into national guidelines in June 2015 and that monitoring would be ongoing. As no clinical guidance 

regarding management of patients with indeterminate results was available, this was requested by 

National Department of Health. Recommendations were developed in consultation with clinicians, 

clinical virologists and laboratorians and published in a peer-reviewed open-access journal, as presented 

in the following article. 

  

file:///C:/Users/ahmadh/Desktop/Virology%2004.07.2018/HIV/HIV%20EID%20i/Protocol/PhD/UP%20PhD%20Submission/PhD%20submission/www.nicd.ac.za
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1.4.2. Article 2: Recommendations for the management of indeterminate HIV PCR results within 

South Africa’s early infant diagnosis programme 

Summary 

This paper is a review article explaining the rationale behind an EID analytical grey zone, as well as the 

laboratory criteria and extent of indeterminate results within SA’s infant testing programme. 

Furthermore, it provides recommendations for both laboratory and clinical management of 

indeterminate HIV PCR results informed by available evidence at the time of writing. 

Discussion points and contribution to the field 

Key recommendations outlined in this paper include entering HIV PCR Ct and RFI values on the 

laboratory information system (these parameters could not be automatically transferred to the laboratory 

information system with the EID assay used at the time), interpretation of HIV-status in conjunction 

with prior results, repeat HIV PCR and viral testing where diagnosis remains in doubt (especially 

considering HIV-infection cannot be excluded until complete cessation of all ARV exposure), and 

consultation with specialist laboratory and clinical staff. These recommendations have assisted with 

further EID surveillance efforts allowing better informed guidance regarding the management of 

indeterminate results and have been incorporated in the 2018 version of SA’s PMTCT guidelines (Prof 

Ute Feucht, PMTCT Technical Working Group – personal communication, October 2018). They have 

also served as a template for an SOP developed by the World Health Organization to help ensure 

improved quality infant testing.102 

Whereas it was noted, in both this and the previous article, that the rate of indeterminate results had 

remained fairly constant, comprising around 17% of all instrument-positive results for the years 2012 

to 2015, it increased subsequent to the introduction of birth testing in June 2015. In 2017 indeterminate 

results comprised 22% of instrument-positive results with a much higher proportion of indeterminate 

results observed among younger patients: 37% (1331/2246) of instrument-positive results were verified 

as indeterminate among infants aged <7 days of age as compared with 24.0% (1056/3341) among those 

aged 7d–<3 months and 12.1% (766/5576) among those aged 3–36 months. These findings prompted 

further analysis of the association between age, viraemia and indeterminate results as presented in the 

following two articles. 
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1.4.3. Article 3: Declining Baseline Viremia and Escalating Discordant HIV-1 Confirmatory 

Results Within South Africa’s Early Infant Diagnosis Program, 2010–2016 

Source of data and methods 

HIV PCR and viral load data from 2010 to 2016 were extracted from the NHLS CDW. Infants with a 

positive PCR and subsequent baseline viral load taken at age <7 months were included. Importantly, 

patients with an indeterminate PCR result were excluded from this analysis in an effort to keep 

equivocal and false-positive results to a minimum. 

Summary of the results 

HIV-infected infants aged <1 month were found to have a markedly lower pre-treatment viral load as 

compared with older infants (P <0.001). Furthermore, age-adjusted viraemia was found to have 

significantly declined since 2010 (P <0.001), likely attributable to PMTCT practices. Since 2013, there 

was a statistically significant increase in the proportion of HIV-infected infants who were aviraemic at 

time of confirmatory viral load testing. 

Discussion points and contribution to the field 

These results support findings that ARV prophylaxis has an effect on infant viral load, inhibiting viral 

replication and even resulting in aviraemia at time of confirmatory testing among some infants. This 

has important implications for EID as plasma viral load is expected to inversely correlate with the EID 

PCR Ct value. Hence, a lower viral load is expected to correlate with a higher Ct value among HIV-

infected. This in turn could account for the high proportion of indeterminate HIV PCR results at birth, 

considering in utero infected infants have low viral loads at time of delivery (and that indeterminacy is 

currently defined within the NHLS according to Ct and related RFI). The relationship between EID Ct 

and plasma viral load is investigated in the next article. 
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1.4.4. Article 4: Early Infant Diagnosis HIV-1 PCR Cycle-threshold Predicts Infant Viral Load 

at Birth  

Source of data and methods 

This study comprised a secondary analysis of laboratory results collected from a prospective cohort of 

confirmed intrauterine HIV-infected neonates, as defined by at least two HIV-detected EID results on 

separate samples. Hence, patients with indeterminate PCR results were included in this analysis but 

only if they had an HIV-detected result on two separate specimens. Infants were enrolled at time of 

delivery at Rahima Moosa Mother and Child Hospital in Johannesburg, SA between 2014 and 2017. 

The association between HIV-1 PCR Ct values, using both a laboratory and point-of-care EID assay, 

and pre-treatment plasma viral load results are described. 

Summary of the results 

Early infant diagnosis HIV PCR Ct value and plasma viral load were found to inversely correlate, with 

every one cycle increase in EID Ct associated with a 0.3 log10 RNA decrease in viral load (95% CI: -

0.3–-0.2). Among neonates with a confirmed in utero infection, median CAP/CTM v2.0 EID Ct at birth 

was 25.8 (IQR: 23.4–28.0), ranging from 19.5 to 34.6. There were 28.6% of neonates with a viral load 

>5.0 log10 cps/ml, 39.8% with a viral load <4.0 log10 cps/ml, and 19.4% with a viral load <3.0 log10 

cps/ml. Two percent of confirmed in utero infected infants were aviraemic prior to cART initiation. 

Discussion points and contribution to the field 

These results demonstrate the inverse association between EID Ct value and plasma viral load, and the 

degree of low level viraemia among birth-tested intrauterine infected infants. On account of the 

CAP/CTM v2.0 EID assay’s ability to detect total nucleic acid on whole blood (which includes cell-

associated proviral DNA and RNA, and plasma RNA), whereas plasma viral load testing only detects 

cell-free RNA, it can be appreciated that some infected infants were virologically supressed prior to 

cART initiation. This is important because plasma RNA testing is considered suitable for EID,5 whereas 

our findings suggest that, within the context of antiretroviral prophylaxis, undetected plasma RNA 

cannot exclude HIV-infection. Furthermore, these findings highlight the importance of diagnosing HIV 

at low RNA levels, especially considering there is currently no consensus on the level of viraemia 

considered to indicate a truly positive result in infants. Although not explicitly mentioned in the 

manuscript, based on current NHLS criteria that define HIV-detected results with a Ct >33.0 and/or RFI 

<5.0 as indeterminate, 10% of infants with a confirmed intrauterine infection would have been classified 

as indeterminate at birth. As only neonates with a confirmed intrauterine infection were included in this 

analysis, it is likely that a greater proportion of HIV-infected birth-tested infants are verified as 

indeterminate as per current NHLS practice. Importantly, patients with indeterminate results have been 
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associated with poor follow-up rates and a significant delay in diagnosis. It is therefore important to 

devise new criteria that are able to more accurately differentiate clearly positive from inconclusive HIV 

PCR results at low RNA levels. The next article provides evidence-based recommendations to this 

effect. 
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1.4.5. Article 5: Differentiating clearly positive from indeterminate results: A review of 

irreproducible HIV-1 PCR positive samples from South Africa's Early Infant Diagnosis Program, 

2010–2015 

Source of data and methods 

HIV PCR instrument data, including Ct, RFI and date and time of testing, were extracted from the EID 

testing instruments and merged with patient data from the NHLS CDW. Variables associated with 

samples that yielded irreproducible HIV-detected results were investigated. An automated linking-

algorithm using probabilistic matching of patient demographics was used to match multiple results to a 

single patient. 

Summary of the results 

Fourteen percent of specimens with an initial instrument-positive result were negative after repeat 

testing (i.e. irreproducible) on the same sample. Whereas higher Ct, lower RFI and DBS specimen-type 

were all significantly associated with an irreproducible result on the original version of the CAP/CTM 

assay (P <0.001), Ct proved to be the only significant variable associated with an irreproducible 

instrument-positive result on the current version (CAP/CTM v2.0) of the assay (P <0.001). Using a Ct 

cut-off of <33.0 to predict reproducible from irreproducible results would have correctly categorized 

97% of instrument-positive results (albeit in a 6-week testing programme). Ninety-six percent of infants 

with an irreproducible instrument-positive result on CAP/CTM v2.0 had a negative result on their next 

HIV PCR test. In contrast, 85% of infants with a reproducible instrument-positive result but a high Ct 

of ≥32.0, had an HIV-detected PCR result on subsequent testing. 

Discussion points and contribution to the field 

These findings suggest that the majority of irreproducible instrument-positive HIV PCR results are false 

positives. Cycle threshold was the only predictive variable of irreproducible results on CAP/CTM v2.0 

– by applying a Ct cut-off of <33.0 (as compared with current criteria of Ct ≤33.0 and/or RFI ≥5.0) to 

differentiate clearly positive from indeterminate results, the indeterminate rate would have declined by 

approximately 30%. Importantly, we found that 85% of infants who had reproducible instrument-

positive HIV PCR results at high Ct values had an HIV-detected result on a subsequent sample (it has 

previously been reported that 97% of infants with a verified positive HIV PCR result were found to 

have an HIV-detected confirmatory virological test.104 Hence, reproducibility and not Ct is likely to be 

the more accurate predictor of a positive HIV-status. This has important implications for diagnostic 

practices, especially within the context of birth testing where a high proportion of infected infants can 

be expected to have low-level viraemia correlating with a high EID Ct value. Furthermore, although Ct 

values of different EID assays correlate, they are not equivalent.105 This implies that different 
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indeterminate Ct value cut-offs would have to be identified for different EID assays. Defining 

indeterminacy according to reproducibility provides the opportunity for simplified and more accurate 

infant diagnostic practice, pending corroboration on alternate EID assays. 
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1.4.6. Article 6: Non-nucleoside reverse transcriptase inhibitor levels among HIV-exposed 

uninfected infants at the time of HIV PCR testing – findings from a tertiary healthcare facility in 

Pretoria, South Africa 

Source of data and methods 

Prospective cohort study of 70 HIV-exposed uninfected infants enrolled at the time of delivery at 

Kalafong Provincial Tertiary Hospital in Pretoria, SA between 2014 and 2016. EFV and NVP plasma 

levels were measured at time of HIV PCR testing at birth, 6-weeks, 10-weeks and 14-weeks. 

Although an EFV plasma mid-dosing and trough concentration target of 1 000–4 000 ng/ml is usually 

cited, with levels >4 000 ng/ml associated with increased risk of side-effects,59,61 these data are derived 

from adult clinical monitoring studies. Data from children suggest that an increased risk of viral 

replication occurs at a much lower EFV trough level of <650 ng/ml.61 As NVP is used for both treatment 

and prophylaxis, different trough level targets have been described, with a lower trough level target 

proposed for prophylaxis than treatment. Whereas a therapeutic trough level of >3 000 ng/ml has been 

described for adult patients (a therapeutic trough level target has not been defined for infants),68 a 

prophylactic trough target of >100 ng/ml (10 times the IC50) is usually cited for infants during the 

period of HIV exposure.67 

Summary of the results 

Twenty-nine of 66 (44%) newborn infants whose mothers were prescribed an EFV-based cART 

regimen >4-weeks prior to delivery had EFV levels >500 ng/ml at the time of birth PCR test sampling, 

which occurred at a median time of 25 hours (IQR: 9–38) after delivery. Among these infants, 7 (11%) 

had potentially toxic levels of EFV (>4 000 ng/ml). Among 14 breastfed infants who had consecutive 

drug level testing, EFV levels of >500 ng/ml were found in 12/14 (86%) infants at birth, 7/14 (50%) at 

6-weeks of age and 5/14 (36%) at 10-weeks of age. Only 9/14 infants had NNRTI levels tested at 14-

weeks of age, none of whom had a measurable EFV level of >500 ng/ml. The median EFV level (among 

those with a measurable level) declined from 1 607 ng/ml (IQR: 1 146–4 580) at time of birth testing, 

to 1 436 ng/ml (IQR: 1 022–2 483) at 6-week testing, and 1 219 ng/ml (IQR: 909–1 387) at 10-week 

testing. Among the four infants with plasma levels >4 000 ng/ml at birth, all four maintained therapeutic 

levels at time of testing at 6-weeks and three of the four still had therapeutic levels at 10-weeks of age.  

Sixty-seven of 70 (96%) infants prescribed daily NVP from birth had levels above the minimal 

prophylactic target (>100 ng/ml) at time of birth PCR testing. The median interval between first NVP 

dose and birth PCR test sampling was 17 hours (IQR: 5–30). At time of 6-week testing, 64 infants were 

reported to still be taking daily NVP, of which 45 (70%) had NVP levels >100 ng/ml. 

Discussion points and contribution to the field 
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This study provides confirmation that infants are exposed to potentially suppressive levels of NNRTI 

ARVs during early infancy as part of the PMTCT programme, and supports findings that ARV 

prophylaxis is associated with indeterminate and false negative HIV PCR results. This has important 

implications for infant testing guidelines and provides a further rationale for introducing additional 

routine PCR testing after 10-weeks of age – the revised 2018 SA PMTCT guidelines (currently under 

review) recommend a routine PCR test at 6-months (Prof Ute Feucht, PMTCT Technical Working 

Group – personal communication, October 2018) and the latest programmatic update from WHO 

recommends a routine PCR tests at 9-months of age.103 Additionally, as only 70% of infants could be 

confirmed as being adherent to daily NVP prophylaxis at 6-weeks of age, enhanced support to 

caregivers regarding adherence to infant prophylaxis should be considered as a means of further 

reducing the mother-to-child transmission rate. 
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1.5. LIMITATIONS 

Routine laboratory data (as utilized for Articles 1, 3 and 5) presents a number of inherent limitations. 

Data quality issues, such as incomplete data regarding specimen type and age, may have influenced 

some of the findings. Furthermore, variable laboratory testing practices, such as whether or not a 

specimen is repeat-tested, limits generalisability. As CAP/CTM instrument data (including Ct and RFI) 

do not interface with the LIS, these data had to be obtained separately directly off the laboratory 

instruments. Unfortunately, only half of all EID instrument data were available for the period analysed. 

This, as well as the introduction of a new version of the CAP/CTM assay in 2014, made analysis of Ct 

trends challenging. Hence, trend analysis of plasma viral load and correlation of plasma viral load with 

EID Ct were performed to further investigate the analytical quality of EID results over the years.    

The lack of a unique patient identifier within the LIS represents a serious obstacle to patient de-

duplication of routine laboratory surveillance. Although a patient linking algorithm using demographic 

data provides an opportunity to gauge follow-up rates and HIV-status, the algorithm used has been 

found to under-match results. Hence, results presented in this study likely under-estimate true follow-

up rates. Furthermore, it was found that demographic data are unable to accurately link birth tests with 

subsequent results,102 severely limiting the use of such algorithms within a birth-testing programme. It 

should also be noted that infants found to have multiple linked HIV PCR tests may represent a biased 

population of symptomatic infants at high risk of HIV-infection. Hence, the proportion of infants found 

to be HIV-detected on follow-up testing may not be representative as HIV-uninfected asymptomatic 

infants may be less likely to present for testing within routine clinical settings. 
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Abstract 

Objective 

To predict HIV viral load (VL) at birth using early infant diagnosis (EID) real-time polymerase chain 

reaction (PCR) cycle-threshold (Ct) values. 

Design 

Secondary analysis of results from a cohort of intrauterine HIV-infected neonates.  

Methods 

Neonates were enrolled at Rahima Moosa Mother & Child Hospital in Johannesburg, South Africa 

between June 2014–November 2017. Laboratory EID HIV-1 PCR testing (CAP/CTM) was used at 

birth. Some infants had simultaneous EID point-of-care (POC) testing (Xpert). Neonates with a 

confirmed HIV-detected EID result and plasma HIV RNA VL test (CAP/CTM) were included in this 

analysis. Bland-Altman plot analysis was used to determine extent of agreement between EID Ct and 

VL.  Multivariable linear regression models adjusted for time between EID PCR and VL were used to 

describe the associations between EID Ct and VL and predict VL for Ct. 

Results 

Of 107 HIV-infected neonates included, 59 also had Xpert POC EID. Median VL was 28 400 cps/ml 

(IQR: 1 918–218 358) - two neonates had VL <100 cps/ml prior to antiretroviral therapy initiation. For 

every one cycle increase in Ct there was a 0.3 log10 RNA decrease (95% CI: -0.3–-0.2) for both assays. 

Good correlation between birth CAP/CTM and Xpert Ct was observed (correlation coefficient 0.9, 95% 

CI: 0.8–1.0). A CAP/CTM Ct ≤23 and Xpert Ct ≤31 predicted a VL of >5.0 log10 cps/ml in 82.2% (95% 

CI: 73.9–88.3) and 84.7% (95% CI: 73.7–91.8) of cases, respectively. 

Conclusion 

EID Ct values at birth predict VL and accurately identify infants with VL >5.0 log10 cps/ml. 
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Introduction 

In the absence of combination antiretroviral therapy (cART), HIV-infected infants have rapid disease 

progression with considerable morbidity and mortality occurring within the first few months of life [1-

4]. HIV viral load (VL) has been found to be an independent predictor for disease progression among 

untreated HIV-infected children [5-7]. In particular, a VL >5.0 log10 copies per millilitre (cps/ml) has 

been associated with an increased risk of short-term disease progression, with risk of death greatest 

among patients less than 1 year of age [8]. Importantly, early cART initiation has been associated with 

a marked reduction in both infant morbidity and mortality [9]. Although early diagnosis provides the 

opportunity for early cART initiation, HIV-infected infants who undergo routine testing at 4-6 weeks 

of age already present with advanced HIV disease at time of treatment initiation at 8-12 weeks of age 

[4]. Furthermore, high mortality and loss to follow-up rates persist among infants initiated on cART 

[10], even among those diagnosed and initiated on treatment soon after birth [11,12]. The ability to 

identify HIV-infected infants with high VL at the time of diagnosis may allow for better risk-

stratification and treatment outcomes within the paediatric HIV treatment programme.  

Although qualitative early infant diagnosis (EID) polymerase chain reaction (PCR) assays are routinely 

used for diagnostic screening purposes, these assays are not intended as HIV VL assays.  Nevertheless, 

the cycle threshold (Ct) value of an EID assay is expected to inversely correlate with level of viraemia. 

The Ct value of a real-time PCR result refers to the number of thermal cycles required for the 

fluorescence signal to cross the diagnostic intensity threshold of the assay, and should therefore be 

inversely proportional to the amount of target nucleic acid present in the specimen tested. Hence, among 

specimens yielding an HIV-detected PCR result, a lower Ct value on an EID assay is expected to 

correlate with a higher VL on a quantitative assay [13]. The ability to predict VL using EID Ct values 

allows the HIV VL to be gauged immediately from HIV-detected PCR results, thereby providing the 

opportunity to identify infants at high-risk of disease progression and mortality at time of diagnosis.  

Among a cohort of confirmed intrauterine HIV-infected infants, on which diagnostic outcomes have 

previously been reported [12], we describe the association between EID Ct values with HIV RNA 

plasma VL results. As two different EID assays were simultaneously used to screen for HIV at birth, 
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one within a centralized laboratory and one at the point-of-care (POC), we also report on the correlation 

and overall agreement between these assays and demonstrate further utility of POC EID testing. 

 

Materials & Methods 

This study comprised a secondary data analysis of EID and VL assay results collected from a cohort of 

intrauterine HIV-infected neonates enrolled between 05 June 2014 and 30 November 2017 at Rahima 

Moosa Mother & Child Hospital in Johannesburg, South Africa. Whole blood samples were collected 

from all HIV-exposed neonates within 4 days of birth and were tested with an EID HIV PCR assay, the 

COBAS AmpliPrep/COBAS TaqMan (CAP/CTM) HIV-1 Qualitative Test v2.0 (Roche Molecular 

Systems, Branchburg, NJ, USA), in a centralized ISO-15189 accredited clinical laboratory. Neonates 

with an HIV-detected CAP/CTM PCR result were traced and samples taken for confirmatory EID 

testing, with another CAP/CTM PCR, and HIV RNA VL testing on plasma using the CAP/CTM HIV-

1 Quantitative Test, v2.0 (Roche Molecular Systems, Branchburg, NJ, USA). During the course of the 

study EID POC testing was introduced simultaneously with the birth CAP/CTM PCR test using the 

Xpert HIV-1 Qualitative assay (Cepheid, Sunnyvale, CA, USA), also using whole blood. 

The CAP/CTM and Xpert EID assays have a reported lower limit of detection on whole blood of 220 

cps/ml and 350 cps/ml, respectively [14,15]. The lower limit of detection of the CAP/CTM VL on 

plasma is 16.5 cps/ml whereas the lower limit of quantification is 20 RNA cps/ml [16]. Hence, plasma 

samples can yield an HIV-detected result that is less than the quantifiable range. On account of 

paediatric sample volumes often being suboptimal for VL testing (i.e. <100 μl of plasma), variable 

dilution factors were used resulting in the lower limit of quantification of the CAP/CTM VL assay 

ranging from 20 to 100 RNA cps/ml. Specimens with an HIV RNA-detected result less than the lower 

limit of quantification were interpreted as having a plasma VL equivalent to the lower limit of 

quantification according to the dilution factor used. 

For the purposes of this analysis, all infants with a confirmed intrauterine infection and a plasma VL 

result taken within 4 weeks of cART initiation were included. A confirmed intrauterine infection was 
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defined on the basis of an HIV-detected CAP/CTM PCR result on two separate specimens the first of 

which was taken within 4 days of birth. All infants were provided with daily nevirapine prophylaxis 

from birth, with high-risk infants prescribed additional twice daily zidovudine as per national guidelines 

[17].  

A Bland-Altman plot was used to determine the extent of agreement between CAP/CTM PCR Ct and 

Xpert PCR Ct values at time of birth testing. Two multivariable linear regression models adjusting for 

Ct value and time between PCR and VL testing were used to determine the magnitude and strength of 

association between i) CAP/CTM Ct value and log10 of the first VL ii) Xpert POC Ct value and the 

log10 of the first VL, respectively. These models were also used to predict mean VL log10 values at 

different mean CAP/CTM or Xpert POC Ct values with 95% confidence intervals (CI) around the 

estimates. Receiver operator curve (ROC) analyses were used to determine the performance, including 

sensitivity, specificity, positive predictive value, and correct classification of different Ct value 

thresholds for predicting a high viral load (>5.0 log10 cps/ml) at first VL test. Cycle-threshold values 

were chosen based on area under the curve (AUC) analysis and cut-offs that most accurately 

corresponded with a VL of 3.0, 4.0, and 5.0 log10 cps/ml on the scatter plots. Mothers or legal guardians 

signed written informed consent for their infant’s participation in the studies from which this data were 

drawn. Protocols were approved by the Institutional Review Boards of the University of the 

Witwatersrand and Columbia University.  

Results 

A total of 107 infants had a confirmed intrauterine HIV infection and a plasma VL result taken within 

4 weeks of initiating cART. Median age at birth PCR was 1 day (interquartile range [IQR]: 0–1) and 

first VL was 2 days (IQR: 1–8). Ninety-eight (91.6%) infants had their first VL before or on the same 

day as cART initiation, with the remaining 9 (8.4%) having their first VL within 16 days after treatment 

initiation. Fifty-nine (55.1%) infants had a simultaneous Xpert POC EID test at the time of the 

CAP/CTM EID birth test. 
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The median Ct value at birth for CAP/CTM EID was 25.8 (IQR: 23.4–28.0) and Xpert EID was 33.6 

(IQR: 30.6–36.0), and median first VL result was 28 400 cps/ml (IQR: 1 918–218 358). Among the 98 

infants who had their first VL taken before or on the same day as cART initiation, 28 (28.6%) had a VL 

>5.0 log10 cps/ml, and 39 (39.8%) and 19 (19.4%) had a VL <4.0 log10 and <3.0 log10 cps/ml, 

respectively. One infant (1.0%) had a VL that was RNA-detected but below the quantification limit of 

the assay, and one infant (1.0%) had a VL that was below the limit of detection of the assay.  

Bland-Altman comparison of CAP/CTM and Xpert Ct values at birth demonstrated good correlation 

(Spearman correlation coefficient=0.90, 95% CI: 0.83- 0.97, P <0.001). The limits of agreement 

between the two pairs of Ct values were 4.0 and 11.3 cycles. Cycle threshold values on the Xpert EID 

assay were consistently higher than on CAP/CTM EID, with a mean difference of 7.7 cycles (95% CI: 

7.2–8.1). For every one cycle increase on CAP/CTM EID Ct value there was a 0.26 log10 cps/ml RNA 

(95% CI: -0.31–-0.21) decrease in plasma VL while for every one cycle increase on the Xpert EID Ct 

value, there was a 0.25 log10 cps/ml RNA (95% CI -0.30–-0.22) decrease. The linear regression model 

proved to be a better fit for Xpert results (R2=80%) compared with CAP/CTM results (R2=49%). Mean 

CAP/CTM EID Ct of 31, 27, and 23 predicted a VL of 3.0 (95% CI: 2.7–3.3), 4.0 (95% CI: 3.8–4.2), 

and 5.0 (95% CI: 4.8–5.3) log10 cps/ml, respectively (Figure 1a). Mean Xpert EID Ct of 38.8, 35, and 

31 predicted a VL of 3.0 (95% CI: 2.6–3.2), 4.0 (95% CI: 3.7–4.1), and 5.0 (95% CI: 4.7–5.1) log10 

cps/ml, respectively (Figure 1b).  

Receiver operator curve analyses of CAP/CTM EID results demonstrated that Ct values ≥22 and <24 

provided the best results on an area under the curve analysis, correctly classifying 83.2% (95% CI: 

74.9–93.2) of results as >5.0 log10 cps/ml. A CAP/CTM EID Ct value of ≤23 had a sensitivity of 57.6% 

(95% CI: 48.5–66.7), specificity of 91.3% (95% CI: 86.0–96.5), positive predictive value of 73.1% 

(95% CI: 64.9–81.3) and accuracy of 82.2% (95% CI: 73.9%–88.3%) in predicting a VL >5.0 log10 

cps/ml. Receiver operator curve analyses of Xpert EID results demonstrated that Ct values ≥31 and <33 

provided the best results on an area under the curve analysis, correctly classifying 84.8% (95% CI: 

78.8–99.5) of results as >5.0 log10 cps/ml. An Xpert EID Ct value of ≤31 cps/ml had a sensitivity of 

66.7% (95% CI: 54.7–78.6), specificity of 94.9% (95% CI: 89.3–100), positive predictive value of 
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87.5% (95% CI: 79.1–95.9), and an accuracy of 84.7% (95% CI: 73.5–91.8%) in predicting a VL >5.0 

log10 cps/ml. 

 

Discussion 

Cycle threshold values of both CAP/CTM and Xpert EID assays strongly predicted plasma RNA VL, 

with CAP/CTM Ct values of ≤23 and Xpert Ct values ≤31 correctly predicting a plasma VL >5.0 log10 

RNA cps/ml in 82% and 85% of cases, respectively. Hence, EID assays at birth can to be used to identify 

HIV-infected infants likely to be at highest risk of developing advanced disease and dying. Although 

all HIV-infected infants require fast track initiation of cART [17,18], it remains important to identify 

infants at greatest risk of death as high mortality rates persist even among intra-uterine infected infants 

initiated on treatment soon after birth [11,12]. As mothers of HIV-infected infants have been found to 

have high VL at time of delivery [12], EID POC testing may also provide the opportunity to redouble 

efforts to ensure maternal virological suppression. By identifying mother-infant pairs prior to discharge 

who are at greatest risk of disease progression, healthcare workers can tailor comprehensive care 

packages as a means of addressing seemingly intractable infant mortality rates. These findings 

demonstrate further utility and potential for enhanced impact of POC assays, provided Ct values are 

reported by the instruments. 

In addition to low EID Ct values correctly identifying infants with high VLs, high Ct values correlated 

with low level viraemia. Close to 20% of neonates with a confirmed intrauterine infection had a VL 

<3.0 log10 cps/ml. Two neonates were aviraemic (RNA less than the quantifiable range) despite having 

their first VL taken before or on the same day as cART initiation. The discrepancy between EID and 

VL results in these two cases can likely be accounted for by the specimen type used. Whole blood, 

which contains proviral DNA and cell-associated RNA, was used for EID testing whereas plasma, 

which only contains cell-free RNA, was used for VL testing. These findings are in keeping with 

previous reports that antiretroviral prophylaxis may be associated with virological suppression among 

some HIV-infected infants [19,20]. Subsequent to South Africa’s adoption of WHO PMTCT Option B, 
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programmatic data has demonstrated an increasing trend among HIV-infected infants to have a baseline 

VL less than the quantifiable limit of commercial assays [21]. Hence, high Ct values of infected infants 

may not always correlate with plasma VL as some patients may have loss of detection of plasma RNA 

at baseline testing. This has important implications for PMTCT programmes as plasma RNA testing is 

considered suitable for EID [18]. Furthermore, there is currently no consensus on what level of viraemia 

should be considered a true positive result in infants. Guidelines from the United States recommend a 

cut-off ≥5 000 RNA cps/ml in plasma as being diagnostic [22]. These recommendations are based on 

findings that HIV RNA levels <5 000 cps/ml have been associated with poor reproducibility [23,24]. 

Importantly, commercial assay developments, including use of enzymes to reduce risk of amplicon 

contamination and closed analytical systems [25,26], have been associated with marked improvement 

in specificity of virological assays over the years [16,27]. However, decreasing HIV incidence among 

HIV-exposed infants is expected to be associated with a reduced positive predictive value across all 

diagnostic modalities [28]. Hence, the sensitivity, specificity and predictive value of current EID assays 

need to be re-evaluated, especially within the context of increasing infant antiretroviral drug exposure, 

declining mother-to-child transmission rates and universal birth testing [29]. 

In summary, EID Ct values of both CAP/CTM and Xpert PCR assays can to be used to identify HIV-

infected infants at birth who are at highest risk of developing advanced disease and mortality. This 

finding demonstrates further utility and the potential for enhanced impact of POC assays, provided Ct 

values are reported by the instruments. Although more than a third of intrauterine infected infants had 

a high VL at time of birth testing, low level viraemia of <3.0 log10 cps/ml also frequently occurred 

highlighting the importance of diagnosing HIV at low RNA levels. Furthermore, some infected 

neonates were virologically supressed prior to initiation of cART. Hence, negative plasma RNA cannot 

exclude HIV-infection among infants exposed to antiretroviral prophylaxis.  
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a) CAP/CTM EID (adjusted R2=0.49) 

 

b) Xpert EID (adjusted R2=0.80) 

 
EID, Early Infant Diagnosis; Ct, cycle-threshold; VL, viral load; POC, point of care; CI, confidence interval; cps/ml, copies per millilitre 

Figure 1. Observed and Predicted VL of a) CAP/CTM and b) Xpert EID Ct Values 
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a) CAP/CTM EID 

 

b) Xpert EID 

 
Receiver operator curve, ROC 

Figure 2. ROC analysis for a) CAP/CTM and b) Xpert EID assays 
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Supplementary Table 1. Ct, RFIs and indeterminate rate among instrument-positive 

results for infants <6 months of age 

Age group 

CAP/CTM CAP/CTM v2.0 

RFI 

Median 

(IQR) 

Ct 

Median 

(IQR)  

% Ind of 

instrument-

positive 

% Ind of 

Total 

RFI 

Median 

(IQR) 

Ct 

Median 

(IQR) 

% Ind of 

instrument-

positive 

% Ind of 

Total 

< 1 9.4 (6.3-

11.5) 

25.9 (23.1-

30.2) 

17.5% 0.78% 7.9 (4.7-

9.9) 

27.0 (23.5-

31.0) 

27.3% 0.78% 

1-<2 10.3 (7.4-

11.8) 

25.3 (23.1-

28.7) 

15.9% 0.39% 9.3 (5.7-

10.9) 

23.7 (21.4-

29.7) 

22.6% 0.54% 

2-<3 10.8 (8.4-

11.9) 

24.1 (22.0-

26.8) 

10.7% 0.65% 9.9 (7.8-

11.1) 

22.4 (20.4-

25.4) 

13.0% 0.73% 

3-<4 11.0 (8.7-

12.0) 

23.4 (21.4-

26.0) 

10.0% 0.87% 10.0 (8.3-

11.1) 

21.7 (19.7-

24.8) 

11.3% 0.90% 

4-<5 11.0 (8.5-

12.0) 

23.6 (21.8-

26.3) 

9.4% 0.76% 10.0 (7.9-

11.1) 

21.6 (19.9-

25.0) 

12.7% 0.89% 

5-<6 10.9 (8.5-

11.9) 

24.0 (21.9-

26.5) 

9.5% 0.81% 10.0 (8.3-

11.2) 

21.9 (20.4-

24.4) 

10.2% 0.71% 

CAP/CTM, COBAS® AmpliPrep/COBAS® TaqMan (CAP/CTM) HIV-1 Qualitative Test; RFI, relative 

fluorescence intensity; Ct, cycle threshold; Ind, indeterminate 

 

Supplementary Table 2. Laboratory Site of Repeat CAP/CTM Testing 

Testing Lab 

CAP/CTM CAP/CTM v2.0 

Sample 

Number 

(%) 

Irreproducible 

Number (%) 

Percentage 

repeated that 

were 

irreproducible 

Sample 

Number 

(%) 

Irreproducible 

Number (%) 

Percentage 

repeated that 

were 

irreproducible 

CMJAH 
797 

(29.4%) 
35 9 (10.6%) 4.4% 

163 

(11.5%) 
79 (40.9%) 48.5% 

GSH 
326 

(12.1%) 
10 (3.0%) 3.1% 123 (8.6%) 1 (0.5%) 0.8% 

CHBAH 
528 

(19.5%) 
35 (10.6%) 6.6% 0 (0.0%) 0(0.0%) 0.0% 

IALCH 261 (9.7%) 65 (19.6%) 24.9% 40 (2.8%) 23 (11.9%) 57.5% 

Mthatha 13 (0.5%) 4 (1.2%) 30.8% 110 (7.7%) 9 (4.7%) 8.2% 

Tshwane 
412 

(15.2%) 
141 (42.6%) 34.2% 

969 

(68.1%) 
81 (42.0%) 8.4% 

Tygerberg 9 (0.3%) 5 (1.5%) 55.6% 4 (0.3%) 0 0.0% 

Dora 

Nginza 
27 (1.0%) 8 (2.4%) 29.6% 0 (0.0%) 0 0.0% 

Universitas 
270 

(10.0%) 
28 (8.5%) 10.4% 0 (0.0%) 0 0.0% 

Unknown 62 (2.3%) 0 0 13 (0.9%) 0 0.0% 

Total 2704 331  1422 193  

CAP/CTM, COBAS® AmpliPrep/COBAS® TaqMan (CAP/CTM) HIV-1 Qualitative Test; CMJAH, Charlotte 

Maxeke Johannesburg Academic Hospital; GSH, Groote Schuur Hospital, CHBAH, Chris Hani Baragwanath 

Academic Hospital, IALCH, Inkosi Albert Luthuli Central Hospital 
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Supplementary Table 3. Performance of Ct Cut-off Values to Distinguish Reproducible 

from Irreproducible Positive HIV-1 PCR Results using CAP/CTM v2.0 

Ct Sensitivity Specificity Correctly 

Classified 

≥34 100.0% 0.0% 86.3%   

<34 99.4% 79.8% 96.7%  

<33 98.4% 87.1% 96.8% 

<32 96.7% 91.2% 96.0% 

<31 94.4% 91.7% 94.0% 

<30 91.1% 92.8% 91.3% 

Ct, Cycle threshold 
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Abstract  

Introduction 

To date, very little programmatic data has been published regarding serial antiretroviral (ARV) levels 

in infants exposed to maternal treatment and/or infant prophylaxis during the first months of life. Such 

data provides the opportunity to describe the proportion of infants exposed to virologically suppressive 

levels of ARVs and to gauge adherence to the prevention of mother-to-child transmission of HIV 

(PMTCT) programme. 

Methods 

From August 2014 to January 2016, HIV-exposed infants born at Kalafong Provincial Tertiary Hospital 

in Pretoria, South Africa were enrolled as part of an observational cohort study. Plasma samples from 

HIV-exposed uninfected infants were obtained at birth, 6-weeks, 10-weeks and 14-weeks of age and 

quantitative efavirenz (EFV) and nevirapine (NVP) drug level testing performed using liquid 

chromatography-mass spectrometry, irrespective of maternal ARV regimen. Descriptive analysis of 

EFV and NVP levels in relation to self-reported maternal and infant ARV exposure was performed. 

EFV levels >500 ng/ml and NVP levels >100 ng/ml were reported based on studies suggesting that 

trough levels above these thresholds are associated with virological suppression and PMTCT, 

respectively. 

Results 

Among 66 infants exposed to maternal EFV in utero, 29 (44%) had virologically suppressive plasma 

EFV levels at birth, with a median level of 1665 ng/ml (IQR: 1094–3673). Among infants who were 

exclusively breastfed at 6-, 10- and 14 weeks, 13/48 (27%), 5/25 (25%) and 0/21 (0%) had virologically 

suppressive EFV levels. Among 64 infants whose mothers reported administering daily infant NVP at 

time of their 6-week HIV PCR test, only 45 (70%) had NVP levels above the minimum prophylactic 

trough level. 

Conclusions 

During the first 10-weeks after delivery, a quarter of breastfed infants born to women on an EFV-

containing treatment regimen maintained virologically suppressive EFV plasma levels. This finding 

highlights the importance of both careful monitoring of ARV side effects and repeat HIV PCR after the 

first few months of life among HIV-exposed uninfected infants. As 30% of infants had inadequate NVP 

plasma levels at 6-weeks of age, adherence counselling to caregivers regarding infant prophylaxis needs 

to be enhanced to further reduce mother-to-child transmission of HIV. 

Keywords: PMTCT; Option B+; ARV; EID 
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Introduction 

As combination antiretroviral therapy (cART) becomes more readily available in resource-limited 

settings, a rapid rise in the number of foetal antiretroviral (ARV) drug exposures is expected [1]. Current 

World Health Organization (WHO) guidelines for the prevention of mother-to-child transmission of 

HIV (PMTCT) recommend that all HIV-infected pregnant and breastfeeding women be initiated on 

life-long cART and all HIV-exposed infants receive daily nevirapine (NVP) prophylaxis for at least six 

weeks (Option B+) [2]. Hence, infants are being exposed to a number of different ARV drugs over a 

long duration. This includes in utero exposure to maternal ARVs and postnatal exposure to both 

prophylactic regimens and maternal ARVs transferred in breastmilk. Changes in breastfeeding policy, 

with the WHO recommending that HIV-infected mothers continue to breastfeed for a two-year duration 

under cART cover, are likely to prolong ARV exposure even further among HIV-exposed infants [3]. 

Whereas there are clear benefits of therapeutic and prophylactic ARV regimens for maternal health and 

prevention of perinatal HIV transmission [4-5], the clinical implications of ARV exposure among 

infants remain underdetermined [1].  

HIV-exposed uninfected (HEU) infants have substantially higher morbidity and mortality compared 

with HIV-unexposed infants [6]. Many reasons and mechanisms are likely to account for these 

differences, including social determinants of health, immune activation, and infant ARV exposure [7]. 

Regarding the latter, women who start cART prior to conception, in comparison to those who initiate 

cART after conception, are more likely to deliver preterm, very preterm, or low-birthweight infants [8-

9]. In utero cART exposure has also been associated with significantly lower length-for-age and height-

for-age at 24 months among HEU infants [10]. Importantly, preterm delivery and suboptimal infant 

growth are associated with significant infant morbidity and mortality in resource-limited settings [11-

12]. Furthermore, HEU children may be at increased risk of cognitive and motor delays, possibly related 

to ARV exposure, although there is conflicting data regarding these observations [13]. The associations 

between exposure to nucleoside reverse transcriptase inhibitors (NRTI), mitochondrial toxicity and 

neurodevelopment have been investigated, with equivocal results. However, there is mounting concern 

that in utero exposure to efavirenz (EFV), a non-nucleoside reverse transcriptase inhibitor (NNRTI), 

could have serious neurodevelopmental and neuropsychiatric consequences, with very few studies 

having evaluated this phenomenon thus far [6,14]. 

In addition to the pharmacodynamic aspects of ARV exposure and infant health, there is concern that 

ARV prophylaxis may impact negatively on the sensitivity of virological assays [15]. The performance 

of virological assays in the context of PMTCT is critical to inform infant testing algorithms. The WHO 

recommends that early infant diagnosis (EID) tests have a sensitivity of at least >95% (preferably 

>98%) and a specificity of >98% [2]. Although numerous EID assays meet these criteria and have been 

approved for in vitro diagnostic use, validation studies typically do not assess diagnostic sensitivity 
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among infants exposed to ARVs. Suboptimal sensitivity of EID assays among infants exposed to 

various prophylactic regimens has increasingly been reported, including sensitivity of approximately 

89% at 1 month of age among infants given daily zidovudine (AZT) prophylaxis and 80% at 2 months 

of age among infants exposed to triple-drug prophylaxis [16-17]. 

To date, very little programmatic data has been published regarding serial ARV levels in infants 

exposed to maternal cART and/or infant ARV prophylaxis. Such data provides the opportunity to 

describe the proportion of infants exposed to potentially toxic levels of ARVs, to anticipate the potential 

for infant virological suppression and thus poor performance of infant diagnostic tests, and to gauge 

adherence to postnatal infant ARV prophylaxis. This paper describes infant EFV and NVP plasma 

levels at birth, 6-, 10- and 14-weeks post-delivery to understand the interplay between maternal EFV-

use and infant EFV levels and infant NVP adherence. We also postulate how infant ARV exposure may 

affect infant HIV diagnosis. 

 

Methods 

Setting 

From August 2014 to January 2016, samples were obtained from a prospective observational cohort of 

HEU infants participating in the Very Early Infant Diagnosis (VEID) study at Kalafong Provincial 

Tertiary Hospital (KPTH), an academic facility situated in Pretoria, South Africa. Infants were enrolled 

at birth, defined as <72 hours after delivery. Infant blood samples for HIV PCR testing were collected 

at birth, 6-, 10- and 14-weeks of age. During the study period all HIV-infected mothers, irrespective of 

CD4 count or clinical stage, were eligible for cART during pregnancy and breastfeeding. As per national 

guidelines, first line cART regimens for adults comprised a triple drug combination of tenofovir, 

lamivudine/emtricitabine, and EFV. For patients with a contraindication to EFV, such as active 

psychiatric illness, NVP was recommended instead [18]. All HIV-exposed infants were eligible for at 

least a 6-week duration of daily NVP prophylaxis, with high-risk infants provided with either dual 

AZT/NVP prophylaxis for 6-weeks or extended duration daily NVP for 12-weeks [18]. Prophylactic 

NVP doses were prescribed according to the national guidelines: 15 mg/day for infants >2.5kg, 

10mg/day for infants 2.0–2.5 kg, and 2mg/kg for the first two weeks followed by 4mg/kg for the next 

four weeks for infants <2.0 kg [18]. Whole blood EDTA specimens were taken at each time point for 

HIV PCR testing. After HIV PCR testing, the remaining whole blood specimen was spotted on a filter-

paper dried blood spot card (3-5 spots per card; 70µl per spot) as per standard laboratory procedure. 

Any left-over specimen was centrifuged and plasma was stored at -70°C.  
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Antiretroviral exposure variables 

Data regarding maternal cART exposure, regimen, and infant feeding were obtained during interviews 

with enrolled participants at each study visit using standardized questionnaires. Data regarding age at 

first NVP dose and age (in hours) of blood sampling at birth were obtained from clinical records, with 

time from first NVP dose to blood sampling calculated for each participant. All infants were discharged 

with a supply of NVP syrup to last for at least a 6-week duration. Data regarding NVP prophylaxis use 

at subsequent visits was obtained during interviews with enrolled participants at the respective time 

points. 

Regarding clinically significant NNRTI levels, EFV has been found to have a higher potency than NVP 

with an in vitro protein-adjusted 95% inhibitory concentration (IC95) for HIV-1 wild-type virus of 8 

ng/ml versus 190 ng/ml, respectively [19]. An EFV plasma mid-dosing and trough concentration target 

of 1000–4000 ng/ml is usually cited, with levels of >4000 ng/ml, the Cmax, being associated with 

increased risk of side-effects [20-21]. These data are, however, derived from adult clinical monitoring 

studies with data from children suggesting that an increased risk of viral replication occurs at a much 

lower trough level of <650 ng/ml [20,22]. Regarding NVP, target trough levels required for prophylaxis 

are lower than those proposed for treatment. Whereas a therapeutic trough level of >3000 ng/ml has 

been described for adult patients (a therapeutic trough level target has not been defined for infants), a 

prophylactic trough target of >100 ng/ml (10 times the IC50) is usually cited for infants during the 

period of HIV exposure [23]. 

 

Laboratory methods to assess ARV levels 

Quantitative plasma EFV and NVP drug level testing was performed on all samples, irrespective of 

maternal cART regimen, using liquid chromatography-mass spectrometry (Shimadzu 8060). Matrix 

matched standards and controls (Chromsystems, Munich, DE) were used to create a 7-point standard 

curve.  Samples were thawed to room temperature. A volume of 5 µl of deuterated internal standard 

was added to 25 μl of plasma which was then extracted with 200 μl of acetonitrile for protein 

precipitation. Samples were vortexed vigorously and then centrifuged for 10 minutes at 14000 RPM. 2 

μl of supernatant was injected onto an Acquity T3 Column (Waters, Massachusetts, USA) with a total 

run time of 5.5 minutes per sample. Efavirenz and NVP were analysed using a mobile phase 

composition of deionised water with 0.1% formic acid (A) and acetonitrile formic acid (B) in a gradient 

separation. Results were interpreted in comparison to the height of the intra-run blank, with EFV levels 

>500 ng/ml and NVP levels >50 ng/ml found to be significant. The coefficient of variation ranged from 

3–20% for EFV and 5–15% for NVP. 
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Data analysis 

Descriptive analysis of EFV and NVP levels were performed, in relation to self-reported maternal and 

infant ARV exposure, with median and interquartile ranges (IQR) calculated for each of the drugs tested 

at birth, 6-, 10-, and 14-weeks. Analysis was performed using Microsoft Excel. 

This study was approved by the University of Pretoria’s Faculty of Health Sciences Research Ethics 

Committee (Protocol number—41/2016). 

 

Results 

Out of 500 enrolled infants who followed-up at 6 weeks of age, 70 had sufficient plasma for NNRTI 

level testing at birth and 6-weeks of age. Of these, 36 had samples at 10-weeks and 35 at 14-weeks of 

age (Table 1). There were 17 infants who had specimens available at all four time points. 

Table 1. Maternal Reported ARV Exposure and feeding practise at time of HIV PCR testing 

 Birth 6 weeks 10 weeks 14 weeks 

Number of infants; n 70 70 36 35 

Infant  
prophylaxis 

Daily NVP; n (%) 69 (99%) 64 (91%) 12 (33%) 3 (9%) 

Daily NVP/AZT; n 
(%) 

1 (1%) 0 0 0 

None; n (%) 0 0 24 (67%) 24 (68%) 

Unknown; n (%) 0  6 (9%) 0 (0%) 8 (23%) 

Infant 
feeding 

EBF; n (%) 68 (97%) 53 (76%) 29 (80%) 24 (69%) 

EFF; n (%) 2 (3%) 13 (18%) 1 (3%) 3 (8%) 

Mixed; n (%) 0 4 (6%) 0 0 

Unknown; n (%) 0 0 6 (17%) 8 (23%) 

Mother 
taking cART  

Yes; n (%) 70 (100%) 67 (96%) 26 (72%) 29 (74%) 

No; n (%) 0 3 (4%) 2 (6%) 3 (9%) 

Unknown; n (%) 0 0 8 (22%) 3 (17%) 

Maternal  
cART 
regimen 

EFV-based; n (%) 66/70 (94%) 62/67 (93%) 25/26 (96%) 27/29 (93%) 

NVP-based; n (%) 4/70 (6%) 5/67 (7%) 1/26 (4%) 2/29 (7%) 

Unknown; n (%) 0 0 0 0 
NVP, nevirapine; AZT, zidovudine; EBF, exclusive breastfeeding; EFF, exclusive formula feeding; EFV, 

efavirenz 
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At time of delivery all 70 mothers were on a cART regimen, 66/70 (94%) on an EFV-based regimen 

and 4/70 (6%) on a NVP-based regimen. Median maternal age at time of delivery was 31 years (IQR: 

28–36), with median time on cART of 170 days (IQR: 128–847). Two mothers were on treatment for 

<4-weeks duration prior to delivery. The median birth weight was 3.1 kg (IQR: 2.8–3.3), with only four 

infants having a low birth weight of <2.5 kg.  

Figure 1 represents EFV levels of all 70 infants tested at birth and 6-weeks of age, as well as those 

tested at 10- and 14-weeks of age. At the time of HIV PCR testing at birth, of the 66 infants exposed to 

maternal EFV in utero, 29 (44%) had an EFV level >500 ng/ml: six (9%) had levels between 500–

<1000 ng/ml, 16 (24%) had EFV levels between 1000–<4000 ng/ml and seven (11%) had levels ≥4000 

ng/ml. Neither of the two infants born to women on cART for <4-weeks at time of delivery had 

measurable EFV at birth. Among the four infants with a recorded low birth weight, three had an 

unmeasurable EFV level and one had a level of 1820 ng/ml. All women indicated that they were going 

to exclusively breastfeed except two, who indicated that they would exclusively formula feed. Infants 

born to both of these women had EFV levels ≥1000 ng/ml at time of birth testing. Only infants with 

mothers on an EFV containing regimen had a measurable EFV level.  

 

LQL, lower than quantification limit 

Figure 1. Efavirenz levels in infants at time of HIV PCR testing  
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At 6-weeks of age, among 48 infants whose mothers were on an EFV-based regimen and reported 

exclusive breastfeeding, 13 (27%) had an EFV level >500 ng/ml (11 had levels >1000 ng/ml). At 10-

weeks of age, among 25 infants whose mothers were on an EFV-based regimen and reported exclusive 

breastfeeding, 5 (20%) had an EFV level >500 ng/ml (three had levels >1000 ng/ml). At 14 weeks of 

age, among 21 infants whose mothers were on an EFV-based regimen and reported exclusive 

breastfeeding, none had a measurable EFV level (including two infants with detectable EFV levels at 

10-weeks who were tested again at 14-weeks). None of the infants whose mothers reported being on an 

EFV-containing regimen and were exclusively formula feeding or mixed feeding had measurable EFV 

levels at 6-, 10- or 14-weeks of age. Similarly, none of the infants whose mothers were not on an EFV-

based regimen or whose feeding history was unknown had a measurable EFV level. 

Fourteen infants, who were exposed to EFV in-utero for >4 weeks and exclusively breastfed, had 

consecutive samples available for ARV drug level testing at birth, 6-weeks and 10-weeks of age. Among 

these infants, EFV levels of >500 ng/ml were found in 12/14 (86%) infants at birth, 7/14 (50%) at 6-

weeks of age and 5/14 (36%) at 10-weeks of age (Figure 2A). Among the four infants who had EFV 

levels >4000 ng/ml at birth, all of them maintained levels >1000 ng/ml at 6-weeks and three of the four 

still had EFV levels >1000 ng/ml at 10-weeks of age (Figure 2A). Only 9/14 infants had NNRTI levels 

tested at 14-weeks of age, none of whom had a measurable EFV level of >500 ng/ml (although only 

two of the infants with a measurable EFV level at 10-weeks of age were tested at 14-weeks). The median 

EFV level (among those with a measurable level) declined from 1607 ng/ml (IQR: 1146–4580) at time 

of birth testing, to 1436 ng/ml (IQR: 1022–2483) at 6-week testing, and 1219 ng/ml (IQR: 909–1387) 

at 10-week testing (Figure 2B). 

 

 

 

 

 

 

 

 

 

 

Figure 2. A) Consecutive EFV levels among breastfed infants born to mothers on cART (n=14) 

B) EFV concentrations (medians with inter-quartile ranges) among infants with a measurable 

level at birth (12/14), 6-weeks (7/14), and 10-weeks (5/14). 

 

A B 
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All infants were prescribed daily NVP prophylaxis from birth for at least a 6-week duration. Age at first 

NVP dose occurred at a median of 1 hour post-delivery (IQR: 0–5) with age at blood sampling for HIV 

PCR birth testing occurring at a median of 25 hours (IQR: 9–38) post-delivery. Time from first infant 

NVP dose to blood sampling occurred at a median interval of 17 hours (IQR: 5–30). Among the 70 

birth samples the median NVP level was 3699 ng/ml (IQR: 2046–6400): 67 (96%) infants had levels 

above the prophylactic trough concentration target of 100 ng/ml and 40 (57%) had levels above the 

adult therapeutic trough concentration target of 3000 ng/ml (Figure 3). Among the 4/70 infants born to 

women on a NVP containing regimen, all four had high NVP levels of 3967, 8068, 8286, and 16300 

ng/ml. At time of 6-week testing, 64 infants were reported to still be taking daily NVP, of which 45 

(70%) had NVP levels >100 ng/ml. Among these 64 infants, age at 6-week testing took place at a 

median of 44 days (IQR: 42–46). Among 36 infants tested at 10-weeks of age, 13 (36%) had detectable 

NVP levels all of which were >100 ng/ml. Data from maternal interviews indicated that daily NVP 

prophylaxis was still being taken by 12 of these infants whereas the remaining infant, who had a NVP 

level of 1678 ng/ml, was being breastfed by a mother taking a NVP-based regimen (Table 1). Hence, 

among the 23 infants at 10-weeks of age who were not exposed to NVP at this time point, none had a 

measurable NVP level. Among the 35 infants tested at 14-weeks of age, 7 had a detectable NVP level 

of which 5 had a level >100 ng/ml. Among these infants, three were still taking NVP prophylaxis, two 

were being breastfed by a mother taking a NVP-based regimen (both of which had levels <100 ng/ml), 

and clinical information was outstanding for the remaining two. Hence, all infants who were still taking 

NVP prophylaxis at 10- and 14-weeks of age had levels >100 ng/ml. 

 

LQL, lower than quantification limit 

Figure 3. Nevirapine levels in infants at time of HIV PCR testing 
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Discussion 

This study describes the degree of exposure to NNRTI drugs among HIV-exposed infants over the first 

few months of life. Over a third (35%) of newborn infants whose mothers reported taking an EFV-

based regimen had adult treatment levels of EFV >1000 ng/ml at time of HIV PCR birth testing, with 

11% having potentially toxic levels of >4000 ng/ml. Importantly, EFV is not approved for use in 

neonates on account of lack of safety and dosing data [24]. The high EFV levels at birth are consistent 

with previous reports that foetuses are likely exposed to virologically suppressive drug concentrations 

in utero [25], with pharmacogenomic heterogeneity possibly accounting for some of the variability 

(other than treatment adherence). Single nucleotide polymorphisms (SNPs) of the cytochrome P450 

family of enzymes are known to influence plasma EFV concentrations. In particular, the CYP2B6 

516G>T genotype has been described as a principal risk factor for toxicity-related EFV levels in adults 

and has been found to confer relatively high plasma EFV levels in nursing infants [26-27]. Genotypic 

frequency studies conducted in black South African populations have described homozygous CYP2B6 

516G>T SNP rates comparable with the prevalence in other African populations of around 12.5% [26], 

suggesting a non-negligible proportion of South Africans will be poor metabolizers of both EFV and 

NVP [28]. It is therefore possible that the 11% of newborn infants in this study who had EFV levels 

>4000 ng/ml represent such a population, especially considering that time of maternal EFV dosing and 

infant feeding are not thought to have a significant bearing on infant EFV plasma levels [27]. 

Among breastfed infants who had consecutive drug level testing, there was an overall decline in EFV 

levels over the first 10-weeks post-delivery. However, among the four infants with plasma levels >4000 

ng/ml at birth, all four maintained virologically suppressive levels at time of testing at 6 weeks and 

three of the four still had EFV levels >1000 ng/ml at 10 weeks of age (Figure 2A). It is important to 

note that the minimum effective concentration of EFV for infants is unknown and that the described 

EFV mid-dosing interval therapeutic range of between 1000 ng/ml and 4000 ng/ml is derived from adult 

studies [21]. Indeed, even among adults, the minimum effective concentration is uncertain where a 

range of between 470 ng/ml and 760 ng/ml has been suggested [29]. Bienczak and colleagues have 

proposed a therapeutic cut off of 650 ng/ml for infants, although the majority of infants below this 

threshold were still found to have viral load results <100 cps/ml [20]. Hence, it is possible that as many 

as half of the HIV-exposed infants tested in this cohort had virologically suppressive levels of EFV at 

birth and a third maintained therapeutic values at the time of 6-week testing. 

With regard to other NNRTI exposure, in addition to in utero and postnatal exposure to maternal EFV 

or NVP, all infants were prescribed daily NVP for at least a 6-week duration. At the time of birth testing, 

all but three infants had NVP levels above the minimum prophylactic target of >100 ng/ml and more 

than half had levels above the standard therapeutic trough concentration target of 3000 ng/ml (albeit 

measured at a median of 17-hours post-dose). Detectable NVP levels at birth can be accounted for by 
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workflow practices whereby NVP is routinely administered by nursing staff in labour ward immediately 

after delivery but infant blood is usually taken at a later time-point by medical staff during routine 

working hours. Regarding the minimum effective concentration of NVP predictive of virological 

suppression among infants, it is important to note that it has not been possible to define a meaningful 

cut-off - possibly due to the combined effect of NRTI exposure as well as other variables including pre-

treatment viral load [22]. Furthermore, it is unclear what effect, if any, simultaneous exposure to EFV 

and NVP have on NNRTI dose-response. 

The percentage of infants on NVP prophylaxis who maintain therapeutic levels of NVP at 6-weeks of 

age is unknown. A population pharmacokinetic model has suggested that NVP prophylactic dosing of 

15 mg once daily for infants >2.5 kg, as was provided to infants in this cohort, is likely to maintain 

therapeutic NVP levels for approximately a quarter of infants during the first 2-weeks of life [23]. 

However, the effect of host genetic polymorphisms, including the CYP2B6 516G>T genotype, was not 

taken into account and these estimates are therefore likely to be conservative. A separate study has 

reported median trough concentrations of >1000 ng/ml at 8-weeks of age, maintained up to 6-months 

of age, among breastfed infants receiving daily NVP prophylaxis of 4 mg/kg [30]. This suggests 

suppressive levels of NVP at 6-weeks of age are a possibility. Unfortunately, as timing of infant NVP 

dosing in relation to PCR testing was not recorded for this cohort (other than at birth), the proportion 

of infants who maintained virologically suppressive drug concentrations at 6-weeks cannot be 

determined. However, the proportion of infants who had plasma levels of >100 ng/ml at the time of 

their 6-week PCR testing can be used as a marker of adherence to infant prophylaxis. Among infants 

whose mothers reported providing daily infant NVP syrup at time of their 6-week HIV PCR test, only 

70% had NVP levels >100 ng/ml. This suggests additional support to caregivers regarding adherence 

to infant prophylaxis may assist with further reducing the mother-to-child transmission rate.   

A number of important limitations need to be considered regarding these findings. Testing was 

performed on a convenience sample of HIV-exposed infants who were enrolled in a cohort study at a 

single facility. Hence, the results may not be generalizable on account of selection bias. Non-nucleoside 

reverse transcriptase inhibitor trough levels at the various time points of testing would have provided 

more informative data, especially regarding NVP levels among infants taking prophylactic doses. 

Furthermore, maternal ARV testing at the same time as infant testing would have provided the extent 

of maternal treatment compliance within this cohort. Without this data it is not clear whether infants 

with no measurable EFV at birth were a result of poor maternal treatment adherence or pharmacokinetic 

variability. As pharmacogenomic studies were not performed it was not possible to determine the 

association between certain clinical variables and NNRTI levels. Furthermore, NRTI drugs such as 

lamivudine and emtricitabine, which are also known to cross the placenta as well as be transferred in 

breastmilk, were not tested for thereby precluding a description of total ARV exposure in infants during 

the first months of life. 
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Conclusions 

In summary, we describe virologically suppressive plasma levels of EFV, including potentially toxic 

levels, at the time-points of EID testing among breastfed infants. These findings highlight the 

importance of careful monitoring of ARV side effects among HIV-exposed infants and support 

recommendations that repeat HIV PCR testing be performed among all infants who test negative during 

the first months of life, especially considering time to virological rebound may be variable. 

Additionally, as only 70% of infants could be confirmed as being adherent to daily NVP prophylaxis at 

6-weeks of age, enhanced support to caregivers regarding adherence to infant prophylaxis needs to be 

considered as a means of further reducing the mother-to-child transmission rate. 
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CHAPTER 3 

 

3.1. CONCLUSION AND RECOMMENDATIONS 

Conclusion 

There is an unacceptably high volume of MDOs within SA’s infant HIV testing programme. More than 

17 000 specimens fail to yield either a positive or negative result per annum, with very poor follow-up 

testing performed among infants. Pre-analytical errors, which include samples rejected on account of 

poor sample quality, insufficient sample volume and clerical errors, comprise the bulk of MDOs. These 

can be addressed by utilizing routine laboratory data to direct in-service training. In contrast, analytical 

MDOs require addressing laboratory practice. Indeterminate results represent the majority of analytical 

MDOs, comprising approximately 3 000 HIV PCR results each year. 

Indeterminate HIV PCR results are inconclusive instrument-positive results. As infants with perinatal 

HIV-infection require early diagnosis and prompt initiation of cART on account of rapid disease 

progression and early mortality, it is imperative to keep indeterminate results to a minimum (i.e. only 

infants with a high probability of having a false-positive result should be verified as indeterminate). 

Whereas the rate of indeterminate results (as a proportion of all instrument-positive results) was fairly 

stable between 2013 and 2015 at approximately 17%, this increased subsequent to the introduction of 

routine birth testing in June 2015. In 2017, among infants <7 days of age, 1 331/3 577 (37%) of 

instrument-positive results were verified as indeterminate. Importantly, more than half of those with an 

indeterminate birth test were found to be HIV-infected within a cohort of birth-tested infants followed-

up in Johannesburg between 2014 and 2016, with indeterminate results associated with a significant 

delay in diagnosis and treatment initiation.105  

Current standard operating procedures within the NHLS define valid instrument-positive results with a 

Ct >33.0 and/or RFI values <5.0 as indeterminate. Importantly, EID Ct value and plasma viral load are 

inversely correlated, with every one cycle increase in CAP/CTM EID Ct associated with a 0.3 log10 

RNA decrease in viral load (95% CI: -0.3–-0.2). HIV-infected infants aged <1-month have been found 

to have markedly lower pre-treatment viral loads as compared with older ages (P <0.001). Indeed, some 

infants with confirmed in utero HIV-infection have even been found to be aviraemic at birth. 

Furthermore, age-adjusted viral load has significantly declined since 2010 (P <0.001), likely 

attributable to PMTCT practices, with more than a third of infants born to women on an EFV-based 

regimen found to have virologically suppressive levels of EFV at time of birth testing. Hence, the high 

proportion of indeterminate HIV PCR results at birth can partly be accounted for by low level viraemia. 

This highlights the importance of diagnosing HIV at low RNA levels, especially considering there is 
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currently no consensus on what level of viraemia should be considered a true positive result in infants. 

Guidelines from the United States currently recommend a cut-off ≥5 000 RNA cps/ml in plasma as 

being diagnostic, although these recommendations are based on findings from older virological assays. 

More recent commercial assays are likely to be associated with an improved positive predictive value 

at lower viral load levels on account of closed systems and the use of enzymes to reduce amplicon 

contamination. 

Unless current NHLS verification practices are revised, increasing diagnostic uncertainty within EID 

services can be expected in the future. Although RFI was significantly associated with an irreproducible 

result on the original version of the CAP/CTM assay, this was not the case with the current CAP/CTM 

v2.0. By dropping RFI from verification criteria and utilising a Ct cut-off of <33.0 only, 97% of 

instrument-positive results on the CAP/CTM v2.0 assay would have been correctly identified as 

reproducible and the total number of indeterminate results would have been reduced by 30%. However, 

subsequent to the introduction of birth testing a higher proportion of HIV-infected infants with a Ct 

>33.0 can be expected. Reproducibility, in comparison to Ct value, represents a more accurate predictor 

of a positive HIV-status providing an opportunity to reduce the indeterminate rate further whilst 

maintaining high diagnostic accuracy. Furthermore, such a strategy provides the opportunity for 

simplified and standardised infant diagnostic practice across EID platforms. Evaluating the predictive 

value of reproducibility to differentiate clear positive from indeterminate results on different EID 

instruments should be considered a research priority. 

 

Recommendations 

1. Distribution of consolidated laboratory reports on a weekly/ monthly basis, specifying the number 

and reasons for MDOs, to managers (including at healthcare facilities and laboratories) as a means 

of directing in-service training to reduce unnecessary rejections within the EID programme. 

2. Implement a national unique patient identifier, available for all newborn infants at time of 

delivery, that can be captured within the LIS.  

3. Prioritize comprehensive care packages for infants with positive HIV PCR result where Ct 

correlates with a plasma viral load ≥5 log10 copies/ml (i.e. CAP/CTM v2.0 Ct ≤23.0; Xpert Ct 

≤31.0). 

4. Revise indeterminate criteria on CAP/CTM v2.0: Repeat all specimens which yield an instrument-

positive HIV PCR result, with all reproducible results verified as positive and irreproducible results 

verified as indeterminate. 

5. Manage all patients with an indeterminate EID result as a priority to ensure rapid diagnosis and 

linkage to care without virological rebound. HIV-infected infants with indeterminate EID results 

and aviraemia represent a population of infants with good prognosis and a better chance for 
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functional cure strategies as compared with unsupressed infants who have a large HIV reservoir 

size. 

6. Revised guidelines for clinical management of infants with indeterminate HIV PCR results as per 

Appendix C have been incorporated in to the revised 2018 SA National PMTCT Guidelines (Prof 

Ute Feucht, PMTCT Technical Working Group – personal communication, October 2018). 

 

Future research  

 Evaluate the accuracy of result-reproducibility to differentiate positive from inconclusive ‘HIV-

detected’ PCR results on different EID assays including point-of-care instruments and new 

technologies 

 Evaluate novel EID methods to detect low–level HIV reservoir and viral load 

 Cohort monitoring of infants with indeterminate PCR results to determine final HIV-status 

 Evaluate sensitivity and specificity of plasma RNA tests to diagnose HIV at birth and 10-weeks of 

age 

 Determine whether there is an association between HIV drug resistance and accuracy of EID assays 

(including pre-treatment viral load)  

 Correlate ARV levels (including NRTI) with infant plasma viral load among HIV-infected infants 

prior to initiation of cART 

 Monitor PCR sensitivity and indeterminate results in the context of infants exposed to maternal 

dolutegravir. Dolutegravir is a potent ARV that concentrates in breast milk and is soon to be 

available within SA’s public health sector as a component of a fixed-dose combination first-line 

cART regimen    
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Appendix C. Clinical management of patients with an indeterminate HIV PCR result 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

INDETERMINATE HIV PCR RESULT 

Prior HIV PCR/ VL = NEG/ LDL 

OR 

NO prior HIV PCR/ VL 

Prior HIV PCR = POS or IND 

AND/ OR 

Prior HIV VL = Detectable 

Treat infant as     

HIV-infected 

Repeat HIV PCR 

AND HIV VL urgently 

 

Check for prior 

HIV PCR and VL 

results 

HIV PCR = POS or IND 

AND/ OR 

HIV VL = Detectable 

HIV PCR = NEG1 

AND 

HIV VL = LDL 

Further HIV PCR 

testing as per  

PMTCT Guidelines 

1. Final HIV status cannot be determined until the infant has stopped all 

antiretroviral prophylaxis and is at least 3-months post-cessation of 

breastfeeding. In cases where patients have been initiated on cART and 

diagnosis remains uncertain, patients should be referred for further 

management by a specialist clinical and laboratory team. cART should 

never be stopped without specialist supervision.  

POS, positive; IND, indeterminate; NEG, negative; PCR, polymerase chain reaction; VL, viral load; cART, combination 

antiretroviral therapy 

Indeterminate result =  
not positive  

BUT not negative 
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