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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 I, 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 ELISAsS), 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 HIVV 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 ARVSs, 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.



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 logio 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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TERMINOLOGY

Term Interpretation

Early infant transmission rate Percentage HIV-exposed infants with a positive
HIV PCR result aged less than 2-months

Indeterminate result A result reported by the instrument as positive but
interpreted and verified by laboratory staff as
being inconclusive (i.e. neither clearly positive
nor negative)

Instrument-positive result A result reported by the instrument as HIV
positive or HIV-detected (i.e. according to the
manufacturers  specifications). The terms
‘instrument-positive’ and ‘HIV-detected’ are
used interchangeably

Invalid result A result for which one or more analytical quality
control checks has failed. Such results are
verified by laboratory staff as ‘invalid’ and are
not associated with any other qualitative result

Irreproducible positive result A specimen which yields an instrument-positive
result on initial testing but yields an instrument-
negative result on repeat testing

Missed diagnostic opportunity A specimen registered for HIV PCR testing that
required but did not yield a valid positive or
negative result

Reproducible positive result A specimen which yields an instrument-positive
result on initial testing and on repeat testing

Valid result A result for which all necessary analytical quality
control checks have passed. Valid results are
verified by laboratory staff as either ‘positive’,
‘indeterminate’ or ‘negative’
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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%.* 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.? 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.® The World Health Organization (WHO) recommends that all HIV-exposed infants
have HIV virological testing performed at 4-6 weeks of age.2*° 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.® The potential for CART to compromise the accuracy of HIV PCR assays has been
described.” 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 I11/1V disease).® In 2013, Option B was implemented, in which
it was recommended cART be provided for the duration of pregnancy and breastfeeding to all women,®
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.'
1



All of these PMTCT Options recommend daily nevirapine (NVP) prophylaxis for HIVV-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.® 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 1.1

Table 1. Evolution of the South African PMTCT Guidelines, 2010-2015"

2010

2013

2015

WHO Option A

WHO Option B

WHO Option B+

Maternal ART (i) If CD4 <350 or WHO
stage HI/IV: initiate CART
lifelong

(i) 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
(i) If CD4 <350: continue
CART lifelong

All pregnant and
breastfeeding HIV-infected
women initiated on lifelong
CART

Infant
Prophylaxis

Single dose NP 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.



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.’?* The WHO subsequently updated their guidelines in 2016, recommending HIV-
exposed infants breastfeed for a two-year duration.*

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 2015.1518 et despite the marked achievements in reducing paediatric HIV infection, incidence
among young women has remained alarmingly high.*? This in turn has resulted in the national
antenatal prevalence remaining at around 30% for over a decade (Figure 1),2 giving rise to more than
280 000 HIV-exposed infants born each year in SA.?
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Figure 1. The HIV epidemic curve among antenatal women, South Africa, 1990-2015%

1.1.4. Infant diagnostic services within South Africa

Perinatal HIV-infection is associated with rapid disease progression and early infant mortality.?*-%
Importantly, EID followed by prompt cART initiation has been associated with a marked reduction in
both infant morbidity and mortality.> This has prompted guidelines recommending universal testing
during early infancy for all HIV-exposed infants.* On account of the inability of serological assays to

accurately diagnose HIV in infants, nucleic acid tests have been used instead.® Although there are now



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.?” 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 I1SO 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),?” 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?

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.24* 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* 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.245

Since the implementation of SA’s PMTCT programme in 2004, 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.’® 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,?-%°
infants diagnosed at 6-weeks of age in SA were failing to link to care prior to presenting with advanced
morbidity,?®3! and that within the context of SA’s effective PMTCT programme, intrauterine infections
outnumbered intrapartum infection by up to three to one.®? 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



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.*

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.X® Similar to
WHO guidelines, SA guidelines recommend that cART should not be delayed by waiting for the

confirmatory result.

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 | HIV PCR at 6 weeks | HIV PCR at 6 weeks | HIV PCR at 6 weeks | HIV PCR at birth

If Positive: If Positive: If Positive: If Positive: If Positive:

e HIV VL test at e HIVVLtestat | e Confirmatory e  Confirmatory e  Confirmatory
baseline baseline HIV VL test: HIV VL test HIV PCR

e Repeat HIVPCR | e Repeat HIV VL >10 000 e Initiate CART e Initiate CART
test only if child PCR test only cps/ml confirms prior to VL same day as
is asymptomatic if child is HIV positive result confirmatory

asymptomatic status PCR submitted
e Initiate CART
prior to VL
result

If Negative: If Negative: If Negative: If Negative: If Negative:

e Repeat PCR 6 o RepeatPCRif | e RepeatPCRat e Repeat PCR at e Repeat PCR at
weeks post infant any time if any time if any time if
breastfeeding symptomatic infant infant infant
cessation e Repeat PCR 6 symptomatic symptomatic symptomatic

weeks post e Repeat PCR 6 e Repeat PCR 6 e Repeat PCR at
breastfeeding weeks post weeks post 10 weeks
cessation breastfeeding breastfeeding e Repeat PCR at
cessation cessation 18 weeks (if
completed 12
weeks of NVP
prophylaxis)

e RepeatPCR6
weeks post
breastfeeding
cessation

e 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; cCART, 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 ul of whole blood is tested using a



DBS specimen, 100 pl 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.®

Since 2010, SA has utilized the same HIV PCR assay for HIV infant diagnosis throughout the public
sector. The COBAS® AmpliPrep/COBAS® TagMan (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.>>% 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%).%5-3" 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.®

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 from 2015 a confirmatory
HIV PCR was recommended and viral load testing performed after 6 months of starting cCART.2° 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.*-° 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,° 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.** These recommendations are based on findings that HIV RNA levels <5 000 cps/ml have
been associated with poor reproducibility.*>*® Importantly, commercial assay developments, including

use of enzymes to reduce risk of amplicon contamination and closed analytical systems,*“5 have been



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.*-4°

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.*® For example, where the specificity of a
test is 99.9%, as reported for the CAP/CTM v2.0 assay,*®® 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,*" 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.*®* 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 2.8 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

control*®

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.®” 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.® 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.%!



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.?52-°3 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.>% 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.? Unlike analytical sensitivity, diagnostic sensitivity can be influenced by the clinical
application of the test.>%® 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.5252

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.*® Commercially available CE
marked HIV PCR assays, such as the CAP/CTM v2.0 and Abbott Real Time 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.>”%° 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.>* 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.



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.® Tenofovir
(TDF), emtricitabine (FTC), and efavirenz (EFV), which in combination comprise SA’s first-line
treatment regimen for adults and adolescents, including pregnant women,® have demonstrated
moderate maternal-to-foetal transfer in utero.® Although EFV is not approved for use in neonates on
account of lack of safety and dosing data,** studies suggest foetuses are exposed to virologically
suppressive drug concentrations.®%” Furthermore, breastfed infants continue to be exposed to
biologically significant concentrations of EFV during the first few weeks of life.%® 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.* 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.*® 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.®® 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.®* Other ARVs found to be transferred to infants via breast milk include TDF,
FTC, lamivudine (3TC), and NVP.52-¢* Exposure to TDF and 3TC is, however, considerably lower from
breastfeeding than in utero exposure,®® with TDF not thought to be transferred in clinically significant

concentrations via breast milk.5*

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.'® 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).%® The pharmacological goal of prophylactic
regimens is to maintain plasma NVP concentrations of >100 ng/ml (10 times the in vitro 1Cs).%’
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.%® This is possibly due to the combined effect of NRTI exposure as well as other
variables including pre-treatment viral load.®® 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.®” 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.®®% 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%,% suggesting a non-negligible proportion of
South Africans will be poor metabolizers of both EFV and NVP.™

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.”"2 However, the clinical implications of ARV exposure
among HIV-exposed uninfected (HEU) infants remain underdetermined.>* HIV-exposed uninfected
infants have substantially higher morbidity and mortality as compared with infants who are HIV-
unexposed.” Many reasons and mechanisms are likely to account for these differences, including social
determinants of health, immune activation, and infant ARV exposure.”® 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.”>"® In utero cCART exposure
has also been associated with significantly lower length for age and height for age at 24 months among
HEU infants.”” Importantly, preterm delivery and suboptimal infant growth are associated with
significant infant morbidity and mortality in resource-limited settings.”®"® 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.®% 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.”*®! 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.®

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,” 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,® whereas others have suggested that the duration of exposure to
certain ARV agents influences the age at which HIV can be detected.®* A more recent study found that
PCR assays had a sensitivity of 89% at one month of age among infants given daily AZT prophylaxis.®
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.328-8
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,® 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.®® Delayed HIV detection
has also been reported among infants exposed to postnatal ARV prophylaxis during breastfeeding.®
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 Pl class have been shown not to interfere with the detection of HIV RNA or impact the
specificity of the CAP/CTM v2.0.3"% 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,* 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%.% 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.?® 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.*** 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.% 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.%
Although no national guidelines regarding the appropriate medical evaluation of children prior to
adoption have been endorsed,* 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.® 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.®? This problem has become even more complex following the realisation that functional

cure cases are a clinical reality.%%

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,'°* 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.> 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.?
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1.2. PROBLEM STATEMENT

Early infant diagnosis of HIV and timely initiation of cCART 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 HIVV 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
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

infants at the time of
HIV PCR testing —
findings from a tertiary
healthcare facility in
Pretoria, South Africa

Article | Title Objective Journal Status
1.4.1. Missed diagnostic To describe, enumerate and PLoS ONE Published
opportunities within characterize samples registered
South Africa's early for HIV PCR testing that fail to
infant diagnosis yield either a positive or
program, 2010-2015 negative result (including
indeterminate results)
1.4.2. Recommendations for To provide clinical guidance for | Southern Published
the management of the interpretation and | African
indeterminate HIV PCR | management of HIV PCR | Journal of
results within South indeterminate results HIV
Africa’s early infant Medicine
diagnosis programme
1.43. Declining Baseline To describe baseline HIV viral Journal of Published
Viraemia and Escalating | load results within SA’s EID Acquired
Discordant HIV-1 program according to age and Immune
Confirmatory Results year Deficiency
within South Africa’s Syndromes
Early Infant Diagnosis
Program, 2010-2016
1.4.4. Early Infant Diagnosis | To correlate HIV PCR cycle- Journal of Accepted
HIV-1 PCR tests predict | threshold values with plasma Clinical pending
infant viral load at birth | HIV viral load among Virology revision
intrauterine infected neonates
1.4.5. Differentiating clearly To investigate the HIV status of | Diagnostic Published
positive from infants with indeterminate HIV | Microbiology
indeterminate results: A | PCR results and to establish | and
review of irreproducible | appropriate  real-time  PCR | Infectious
HIV-1 PCR positive criteria to differentiate true- | Disease
samples from South positive from inconclusive HIV-
Africa's Early Infant detected PCR results
Diagnosis Program,
2010-2015
1.4.6. Non-nucleoside reverse | To describe the NNRTI levels at | Journal of Accepted
transcriptase inhibitor the time of HIV PCR testing International | pending
levels among HIV- among infants within the AIDS revision
exposed uninfected PMTCT programme Society
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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 (MDOSs). 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.2! Gauteng Provincial Health Department has

subsequently rolled-out RTHB ldentifiers 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.
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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.1%2

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 logio 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 logio cps/ml, 39.8% with a viral load <4.0 log:o cps/ml, and 19.4% with a viral load <3.0 logo

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,®> 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.2%* 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.’®® 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,>*5! 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.5* 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),% a
prophylactic trough target of >100 ng/ml (10 times the 1C50) is usually cited for infants during the

period of HIV exposure.®’
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 1464 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.1® 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,'% 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

Background

Samples submitted for HIV PCR testing that fail to yield a positive or negative result repre-
sent missed diagnostic opportunities. We describe HIV PCR test rejections and indetermi-
nate results, and the associated delay in diagnosis, within South Africa’s early infant
diagnosis (EID) program from 2010 to 2015.

Methods

HIV PCR test data from January 2010 to December 2015 were extracted from the National
Health Laboratory Service Corporate Data Warehouse, a central data repository of all regis-
tered test-sets within the public health sector in South Africa, by laboratory number, result,
date, facility, and testing laboratory. Samples that failed to yield either a positive or negative
result were categorized according to the rejection code on the laboratory information sys-
tem, and descriptive analysis performed using Microsoft Excel. Delay in diagnosis was cal-
culated for patients who had a missed diagnostic opportunity registered between January
2013 and December 2015 by means of a patient linking-algorithm employing demographic
details.

Results

Between 2010 and 2015, 2 178 582 samples were registered for HIV PCR testing of which
6.2% (n = 134 339) failed to yield either a positive or negative result, decreasing proportion-
ally from 7.0% (n =20 556) in 2010 to 4.4% (n =21 388) in 2015 (p<0.001). Amongst 76 972
coded missed diagnostic opportunities, 49 585 (64.4%) were a result of pre-analytical error
and 27 387 (35.6%) analytical error. Amongst 49 694 patients searched for follow-up results,
16 895 (34.0%) had at least one subsequent HIV PCR test registered after a median of 29
days (IQR: 13-57), of which 8.4% tested positive compared with 3.6% of all samples submit-
ted for the same period.
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Conclusions

Routine laboratory data provides the opportunity for near real-time surveillance and quality
improvement within the EID program. Delay in diagnosis and wastage of resources associ-
ated with missed diagnostic opportunities must be addressed and infants actively followed-
up as South Africa works towards elimination of mother-to-child transmission.

Introduction

In the absence of antiretroviral therapy (ART), HIV infection during infancy is associated with
rapid disease progression with more than half of all infected children expected to die before
two years of age [1,2]. Furthermore, data from South Africa suggests a peak in infant mortality
occurring as early as two to three months of age. Fortunately, early initiation of ART has been
found to markedly reduce HIV-associated morbidity and mortality [3], thereby highlighting
the need for early diagnosis and linkage to care [4-6]. However, on account of the passive
transfer of maternally acquired anti-HIV antibodies, early infant diagnosis (EID) of HIV
requires direct virological methods that are distinct from standard serological assays used for
adult testing [7]. Although expensive, costing up to ten-times more than antibody tests [8], the
World Health Organisation (WHO) nevertheless recommends HIV-exposed infants undergo
virological testing, such as polymerase chain reaction (PCR) tests, at birth and 6 weeks of age
[7].

South Africa’s EID program has evolved considerably from when it was launched a decade
ago. Whereas testing guidelines in 2004 recommended a single PCR test at 6 weeks of age, cur-
rent recommendations include testing at birth, 10 weeks of age and 6 weeks post-cessation of
breastfeeding; with an additional HIV PCR confirmatory test performed for those infants who
test positive [9-12]. Testing is routinely performed on whole blood specimens collected either
on dried blood spot (DBS) cards by means of capillary heel-prick or EDTA anticoagulated
blood via phlebotomy, with the former associated with improvement in testing coverage
[13,14]. With South Africa’s antenatal HIV prevalence remaining around 30% since 2004, the
volume of samples submitted within the EID program has increased dramatically over the
years, from 13 069 HIV PCR tests registered in 2004, to 294 730 in 2010, and 485 458 in 2015
[13,15]. Yet despite this, HIV PCR testing is still performed at centralized facilities, with only
nine EID laboratories currently operating within South Africa’s National Health Laboratory
Service (NHLS), the only diagnostic laboratory service within the public health sector.

Although different HIV PCR assays, utilising separate standard operating procedures and
laboratory information systems (LIS) have been used since EID testing became available, better
standardised laboratory practices have been introduced in recent years. Since 2010, all EID lab-
oratories within the public sector have utilized the same assay, the COBAS® AmpliPrep/
COBAS® TagMan (CAP/CTM) HIV-1 Qualitative Test (Roche Molecular Systems, Inc.,
Branchburg, NJ); with a newer version, the CAP/CTM v2.0, with a lower limit of detection,
introduced during the course of 2014 [16,17]. Furthermore, all national EID facilities, which
are accredited diagnostic laboratories (ISO 15189:2012), have adopted a single standard oper-
ating procedure that outlines testing procedures and interpretation of results, including crite-
ria to distinguish indeterminate from positive results [18,19]. Standardized reporting practices
have been further bolstered due to successful implementation of a single LIS throughout the
NHLS, a process that began in 2010 and was finalized in 2015.

The increased uniformity of EID laboratory practice within South Africa has greatly facili-
tated surveillance efforts, with the value of routine laboratory data for monitoring mother-to-
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child transmission rates and infant testing coverage well described [13,14]. On account of an
effective prevention of mother-to-child transmission (PMTCT) program (progressing from
WHO Option A to Option B in 2013 and Option B+ in 2015), laboratory data has demon-
strated a dramatic decline in the early infant transmission rate from 17.0% in 2005, to 4.3% in
2010, and 1.8% in 2014 [13,20]. Nevertheless, due to the considerably high national maternal
HIV prevalence there remain a substantial number of infants infected per annum, with South
Africa unlikely to meet WHO impact targets for the elimination of mother-to-child transmis-
sion within the foreseeable future [21,22]. Hence, South Africa’s EID program is likely to
remain an essential component of child health services over the coming years. It is therefore
imperative that, in addition for the need to prioritise early diagnosis and linkage to care of
HIV-infected infants, the quality of testing within the EID program be monitored and
maintained.

Whereas missed opportunities for specimen collection have been described within clinical
settings [23], the reasons for and extent of specimens submitted for HIV PCR testing that fail
to yield either a positive or negative result have to date not been reported. Although some
test-sets may be rejected on account of not requiring a result, such as registration errors, the
remainder represent missed diagnostic opportunities (MDOs). These include errors that occur
prior to testing as well those that arise from the testing process itself [24], both of which have
important implications for patient care as well as monitoring and surveillance. Furthermore,
on account of the considerable expense associated with PCR testing, MDOs need to be investi-
gated and monitored. Understanding where errors occur within the testing process can assist
with redesigning systems that render it difficult for health-care professionals to make mistakes,
thereby reducing wastage of resources both within the clinic and laboratory [24]. Furthermore,
due to the dramatic increase in the volume of testing performed over recent years as well as
concerns that changes within the PMTCT program and testing landscape could impact nega-
tively on diagnostic quality [25,26], assessing the trend of MDOs is imperative. Towards this
end we describe HIV PCR test rejections and indeterminate results, and the associated delay in
diagnosis, within South Africa’s early infant diagnosis program from 2010 to 2015.

Methods
Missed diagnostic opportunities

All samples registered for HIV PCR testing within South Africa’s public health sector from 01
January 2010 to 31 December 2015 that failed to yield either a positive or negative result were
extracted from the NHLS Corporate Data Warehouse (CDW), the central data repository of all
registered test-sets within the NHLS. Data were extracted at a single time-point by laboratory
number, result, rejection code, reviewed date, facility name, and testing laboratory. Addition-
ally, the total number of samples registered for HIV PCR testing from 2010 to 2015 were
extracted from the NHLS CDW according to year, result, province and testing laboratory. On
account of standardized error-codes being introduced only with the current LIS, samples
rejected prior to this were extracted as non-coded errors whereas samples rejected on the cur-
rent LIS were extracted as coded errors. Categorization of coded errors was performed by two
pathologists who generated inductive groups, informed by the LIS rejection codes, which were
then validated against the original data by a third researcher and inconsistencies resolved by
consensus.

All coded-errors were subdivided according to whether a result was required or not as indi-
cated by the rejection text. Missed diagnostic opportunities, defined as samples registered for
HIV PCR testing that required but did not yield a valid positive or negative result, were further
categorized as either pre-analytical or analytical error, depending on whether the sample was
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Table 1. Classification of missed diagnostic opportunities by rejection code.

Type of Error
Pre-Analytical Error

Analytical Error

Classification | Examples of LIS Rejection Codes
Insufficient « Insufficient sample volume for testing
* Sample container empty
Unsuitable * Not done: Poor quality sample

* Unsuitable for testing: Sample clotted
* Incorrect sample type: Require EDTA sample
Clerical Error « Labelling error: Information on form differs from sample

* Incomplete form: No age or date of birth
| * Incomplete form: No patient name or surname

Pre-Analytical Lab Error * Sample lost in transit
* Sample leaked in transit
* Sample too old for testing
|+ Not done: Sample spun for plasma test
Indeterminate | * Indeterminate result
Invalid * Invalid result: PCR inhibition
Lab Error Not Specified * Technical problem

LIS, Laboratory Information System

https://doi.org/10.1371/journal.pone.0177173.t001

rejected prior to HIV PCR testing or subsequent to testing, as indicated by the rejection code
(Table 1). Pre-analytical error was further broken down into healthcare worker error and pre-
analytical laboratory error, with healthcare worker error categorized into three distinguishable
groups, namely samples with insufficient volume, unsuitable sample type or quality, and cleri-
cal error. The group categorized as unsuitable sample type or quality involved a broad range of
rejection codes including samples rejected as simply ‘poor quality’ with no further details pro-
vided on the LIS, as well as samples indicated as ‘clotted’ and ‘incorrect sample type.” Analyti-
cal errors were also categorised into three groups, namely indeterminate results, invalid results
and non-specific analytical error. Indeterminate results are defined as HIV PCR tests that yield
an inconclusive result that is interpreted as being neither clearly positive nor negative [27].
Various laboratory-specific cycle threshold and relative fluorescence intensity cut-offs have
been used to define this analytical grey-zone since the introduction of the EID program, with
standard operating procedures being adopted throughout the NHLS in 2013 [19]. Unlike inde-
terminate results, invalid results fail to yield a valid instrument result after testing and can be
attributed, amongst other reasons, to PCR inhibition. Non-specific analytical errors refer to
samples rejected on the basis of a ‘technical problem’ or ‘non-reportable lab error’ with no fur-
ther details provided.

Both non-coded and coded error groups were included in the national error trend analysis.
However, as non-coded errors could not be categorized into either pre-analytical or analytical
groups they were excluded from the provincial and laboratory MDO analysis which was per-
formed on the subset of tests reviewed between 2013 and 2015. Descriptive analysis was per-
formed using Microsoft Excel with annual proportions of pre-analytical, analytical and non-
coded error compared using Pearson’s Chi-square test in Stata version 14 (Statacorp, Texas).

Linkage to care

In order to determine the proportion of patients with an MDO who had a subsequent linked
HIV PCR test, as well as determining the results and time to repeat testing, all samples that
received an HIV PCR result that was neither positive nor negative between 01 January 2013 to
31 December 2015, including both coded and non-coded errors, were extracted from the
NHLS CDW. Additionally, all HIV PCR tests registered between 01 January 2013 and 30 April
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2016 were extracted from the CDW. Results from these two datasets were then linked by
means of an automated patient linking-algorithm using probabilistic matching employing
patient demographic details including first name, surname, date of birth, and laboratory or
facility number. Descriptive analysis was then performed on the linked results using Stata ver-
sion 14 (Statacorp, Texas).

This study was approved by the University of Pretoria’s Faculty of Health Sciences Ethics
Committee (Protocol number—41/2016).

Results

A total of 2 178 578 samples from the South African public health sector were registered for
HIV PCR testing within the NHLS from 2010 to 2015 of which 98 770 (4.5%) were resulted as
positive, 1 945 473 (89.3%) negative and 134 335 (6.2%) received neither a valid positive or
negative result (Fig 1). The proportion of samples that failed to yield a positive or negative
result decreased significantly between 2010 and 2015 from 7.0% (n = 20 556) to 4.4% (n = 21
388) (p<0.001) (Fig 2). Of these, 47 819 were non-coded errors, declining significantly from
17 098 samples (5.8%) in 2010 to 1 017 samples (0.2%) in 2015 (p<0.001), and 86 516 were
coded errors. A total of 9 548 samples were excluded from the coded error group because they
were rejected on account of not requiring a result as indicated by the LIS rejection code. Exam-
ples of these include samples rejected because of duplicate registration or where HIV PCR test-
ing was not clinically indicated. The remaining 76 972 specimens in the coded error group,
defined as MDOs, were further categorized into either pre-analytical or analytical error
groups.

Amongst samples identified as MDOs, pre-analytical error comprised the majority, total-
ling 49 585 (64.4%), whereas analytical error accounted for the remaining 27 387 (35.6%)

Total samples

2178578
(100%)

| ——

Valid Result® Non-Valid Result
2044243 134335
(93.5%) (6.2%)

IT T
r 1 r e |
Positive Negative Coded Error Non-Coded Error

98770 1945 473 86516 47819
(4.5%) (89.3%) (4.0%) 22%)

—
Missed Diagnostic
Opgortuities No Result Required!

6 968 9548

(100%)

Pre-
49 581
(64.4%)

i |

Indeterminate
17701
(23.0%)

(
iLlhﬂmwanw
i
i
[}

pr——

20903
@7.1%)

PR ——

Fig 1. Samples registered for HIV PCR testing between 2010-2015 categorized by result or rejection
code. *Results verified as indeterminate were categorized as non-valid results in this analysis. As indicated
by the rejection code on the laboratory information system (e.g. duplicate registration).

https://doi.org/10.1371/journal.pone.0177173.9001
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Fig 2. Non-coded, pre-analytical and analytical error 2010-2015.
https://doi.org/10.1371/journal.pone.0177173.9002

samples. Between 2013 and 2015, 3.6% of registered samples tested positive whereas 4.9% of
samples were MDOs, ranging from 2.7% to 7.3% across the nine national provinces as follows:
Mpumalanga (2.7%), Free State (3.3%), North West (3.4%), Gauteng (3.5%), Limpopo (3.5%),
Western Cape (4.7%), Northern Cape (5.8%), Kwa-Zulu Natal (6.7%), and Eastern Cape
(7.3%).

Pre-analytical error

Between the years 2010 and 2015, healthcare worker error comprised 85.1% of all pre-analyti-
cal error, totalling 42 203 samples of which 20 903 (49.5%) were rejected due to insufficient
sample volume, 11 934 (28.3%) were unsuitable for testing on account of sample type or qual-
ity, and 9366 (22.2%) were rejected due to clerical error (Fig 1). Pre-analytical laboratory error
comprised the remaining 14.9% of pre-analytical error, totalling 7 382 samples of which 5 414
(73.4%) were rejected on account of the sample or request form being lost or the sample leak-
ing during transit, 891 (12.0%) were considered too old for processing on arrival in the testing
laboratory, and the remaining 1 077 (14.6%) were rejected due to incorrect lab handling prior
to testing (e.g. specimen spun for plasma testing). Pre-analytical error trends from 2013 to
2015 show a reduction in the number of rejections due to insufficient sample volume but a
simultaneous increase in unsuitable samples, clerical error, and pre-analytical laboratory error
(Table 2).

Analytical error

Between 2010 to 2015 there were 17 701 indeterminate results (64.6% of analytical error), 7
978 invalid results (29.1%), and 2 761 non-specific laboratory errors (6.3%). Although indeter-
minate results comprised only 0.8% of all HIV PCR tests during this period, they represent
15.2% of all non-negative valid results (i.e. positive and indeterminate results combined).
Between 2013 and 2015 the proportion of indeterminate results (using non-negative valid
results as a denominator) fluctuated minimally from 17.2% in 2013, 17.6% in 2014, and 16.9%
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Table 2. Reason for missed diagnostic opportunities 2013-2015.

Type of Error | Classification | 2013 | 2014 V 2015
Pre-Analytical Error [ Insufficient sample | 7 790 (43.3%) [ 4019 (26.1%) 3716 (18.2%)
Unsuitable sample | 2045 (11.4%) 3184 (20.7%) 3986 (19.6%)
Clerical error 1478 (8.2%) | 2012 (13.1%) 3630 (17.8%)
Pre-analytical lab error | 1419 (7.9%) ‘ 1578 (10.3%) 2515(12.3%)
Analytical Error Indeterminate | 2890 (16.0%) Il 2900 (18.8%) 3246 (15.9%)
Invalid | 1685 (9.4%) ‘ 1004 (6.5%) 2429 (11.9%)

Lab error not specified 702 (3.9%) 691 (4.5%) 853 (4.2%)
Total MDOs 18 009 ‘ 15388 20375

https://doi.org/10.1371/journal.pone.0177173.t002

in 2015, although the absolute number increased from 2 890 samples in 2013 (0.8% of all HIV
PCR requests) to 2 900 samples in 2014 (0.8%), and 3 246 samples in 2015 (0.7%) (Table 2).
Invalid results were found to decrease from 1 685 samples in 2013 (0.5%) to 1 004 samples in
2014 (0.3%), and then subsequently increase to 2 429 samples in 2015 (0.5%). A breakdown of
analytical error per testing laboratory during this period demonstrates that indeterminate
results represent the majority of analytical error in all except one laboratory, with this same
laboratory contributing 83.9% of all invalid results.

Linkage to care

Between 2013 and 2015, a total of 55 035 samples belonging to 49 694 patients met the inclu-
sion criteria to determine follow-up characteristics of patients who received an MDO result.
16 895 patients (34.0%) were found to have a subsequent HIV PCR test, registered after a
median of 29 days with an inter quartile range (IQR) of 13-57 days, of which 13 302 (78.7%)
were negative, 1 415 (8.4%) were positive, and 2 178 (12.9%) received a second result which
was neither positive nor negative. Amongst the 1 415 patients who subsequently tested posi-
tive, the median time to follow-up testing was 28 days (IQR 7-63 days). Of the error codes
associated with the initial MDO, 578 (40.8%) were due to pre-analytical error, 714 (50.5%)
analytical error (637 of which were indeterminate results), and the remaining 123 (8.7%) were
due to a mixture of non-coded errors and other reasons, such as duplicate registration. There
were 605 (42.8%) patients who tested positive on two separate occasions after receiving an ini-
tial MDO result, with a median time from the first MDO to the confirmatory PCR result of 84
days (IQR 32-169). In these cases, the MDO delayed confirmation of an HIV-infected status
from a median of 28 to a median of 84 days.

Discussion

Despite a considerable increase in the total number of samples submitted for testing within the
EID program between 2010 and 2015, the total number of registered HIV PCR tests that failed
to yield either a positive or negative result increased by only 832 samples. Expressed as a per-
centage, ‘total errors’ actually decreased from 7.0% to 4.4%. Amongst samples defined as
MDOs, 64.4% were rejected prior to testing, in keeping with data that suggest pre-analytical
error accounts for the majority of mistakes that occur in laboratory medicine [28]. Most of
these were attributable to mishandling procedures during collection, such as samples submit-
ted with insufficient volume, labelling errors, and incorrect sample type (e.g. incorrect collec-
tion tube) and clotting.

Because of the large number of non-coded errors, where samples were rejected but the
rejection reason was either not provided or could not be retrieved from the LIS, it is not
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possible to accurately describe pre-analytical and analytical rejection trends between 2010 and
2015. However, over this period there has been a significant reduction in the number of these
non-coded errors which can be attributed to the introduction of a single LIS throughout the
NHLS. Standardised rejection practices have in turn facilitated the use of laboratory data for
surveillance purposes. The reduction in the number of insufficient samples between 2013 and
2015 has occurred in parallel with work done by NHLS EID trainers using NHLS CDW data
for identifying facilities with high rates of insufficient samples and conducting in-service train-
ing to address this problem (Table 2).

Despite concerns that changes both in PMTCT guidelines and diagnostic practices intro-
duced over recent years could result in increased analytical error, this has not been observed at
a national level. For example, the increased exposure to ART prophylaxis amongst infants,
associated with WHO Option B/B+, as well as the introduction of routine birth testing within
the EID programme have both been posited as potential contributing factors towards indeter-
minate and invalid HIV PCR results [25]. However, the proportion of indeterminate results
has remained fairly constant since 2011. Invalid results, on the other hand, have fluctuated,
increasing between 2014 and 2015. On further investigation it was found that this was due to
rejection practices at a single high-throughput laboratory which had stopped the standard
practice of repeat-testing prior to verification of samples that yielded invalid results. This was
brought to the attention of the laboratory and corrective action taken, further illustrating the
potential utility of routine laboratory data and benefit of proactive monitoring.

Regardless of whether a sample fails to yield a valid result on account of pre-analytical or
analytical error, follow-up remains essential. With only one third of patients with an MDO
having evidence of repeat testing, our findings suggest that in the majority of such cases the
opportunity for an early HIV result is missed. This is all the more important considering the
positivity rate amongst patients with a previous MDO (8.4%) was found to be much higher
than the positivity rate amongst total samples submitted for HIV PCR testing (3.6%) during
the same period. Pre-analytical and analytical reasons, other than indeterminate results, were
found to comprise the majority of these cases suggesting it is not just patients with indetermi-
nate results that require close follow-up but rather all MDOs. It was also found that less than
half of the patients with an MDO who subsequently tested positive had evidence of a confirma-
tory test, suggesting poor linkage into care. Furthermore, the delay in diagnosis from when the
initial specimen was registered to when the confirmatory test was registered amounted to a
median delay correlating with the peak mortality rate amongst HIV-infected infants in South
Africa of two to three months [4]. Patients with an MDO therefore represent an at-risk group
that could benefit from active follow-up, second only to infants who test positive.

There are a number of important limitations to consider regarding this study as well as
areas where further analysis is required. Although routine birth testing, which was introduced
into national guidelines in June 2015, does not appear to be associated with an immediate
upsurge of either pre-analytical or analytical error, monitoring is ongoing. Similarly, data was
not available to determine whether there was an association between sample type (i.e. DBS or
EDTA-anticoagulated whole blood) and particular MDOs. Additional limitations relate to the
patient linking-algorithm, which has a reported sensitivity of only 73% and positive predictive
value of 83% in adult patients [29]. Hence, on account of transcription and data-capturing
errors, as well infants registered under their mother’s details and name-changes that may
occur during early childhood, the true follow-up rate of patients could not be determined. The
patient linking-algorithm employed in this study provides at best a conservative estimate of
patient follow-up and is likely an under-estimate of the true follow-up rate. Until South Africa
employs a unique patient identifier, this problem will remain an inherent limitation of using
laboratory data from the public sector.
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Conclusions

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 remain
unacceptably high volumes of rejected and indeterminate samples within South Africa’s infant
testing program. 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 [30]. Towards this end, monthly reports are being dis-
tributed to clinics and laboratories specifying the number and reasons for MDOs. It is hoped
that near real-time feedback of a simplified indicator and multilevel leadership support will
lead to the necessary quality improvements within the national EID program, thereby facilitat-
ing a timely and definitive diagnosis for all HIV-exposed infants in South Africa [14,31].
Essentially, the delay in diagnosis and wastage of resources associated with rejected and inde-
terminate results must be addressed and infants actively followed-up as South Africa works
towards eliminating mother-to-child transmission of HIV.
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Indeterminate HIV PCR results represent missed diagnostic opportunities within South
Africa’s early infant diagnosis programme. These results not only delay diagnosis and
appropriate management but are also a source of confusion and apprehension amongst
clinicians and caregivers. We describe the extent of indeterminate HIV PCR results within
South Africa’s early infant diagnosis programme and provide recommendations for the
management of these cases, both in terms of laboratory practice and the clinical care of the
infants.

Introduction

Early infant diagnosis (EID) of HIV using highly sensitive polymerase chain reaction (PCR)
methods and rapid linkage for the treatment of those who test positive is considered the gold
standard of paediatric HIV care. Failure to initiate prompt combination antiretroviral therapy
(cART) in an HIV-infected infant has been associated with considerable morbidity and mortality.'?
The peak mortality rate for HIV-infected infants has been found to occur before 3 months of age
in South Africa, emphasising the importance of rapid access to treatment.* Hence, an early
definitive test resultindicating either a positive or negative HIV statusis imperative. Indeterminate
HIV PCR results, which can occur at all ages of testing (i.e. between birth and 18 months), represent
missed diagnostic opportunities where the result is neither clearly positive nor negative. This not
only delays diagnosis and appropriate management but is also a source of confusion and
apprehension amongst clinicians and caregivers. We describe the extent of indeterminate HIV
PCR results within South Africa’s EID programme and provide recommendations for the
management of these cases, both in terms of laboratory practice and the clinical care of the infants.
The purpose of these recommendations is to provide guidance for laboratory staff and the relevant
clinical care providers on managing indeterminate HIV PCR results and to standardise practice
within the National Health Laboratory Service (NHLS) EID laboratories.

Early infant diagnostic testing within the South African
public sector

Whereas previously the South African National Department of Health recommended routine HIV
PCR testing at 6 weeks of age for HIV-exposed infants, new guidelines published on 01 June 2015
state that all HIV-exposed infants should have an HIV PCR test at birth, 10 weeks of age and
6 weeks after stopping breastfeeding if still under 18 months of age at that time.* In children
receiving prolonged nevirapine prophylaxis up to 12 weeks of age, an additional HIV PCR test is
required at 18 weeks of age. The current guidelines recommend confirming the HIV status of all
infants with a positive HIV PCR result by repeating the HIV PCR test on a second specimen.*

Two types of specimens can be used for HIV PCR testing. The most common specimen used is
capillary blood from a heel prick spotted onto a cotton-based paper card, which is dried at the site
of collection. This is known as a dried blood spot (DBS) and requires three full spots per card.
Anti-coagulated ethylenediaminetetraacetic acid (EDTA) whole blood (purple top tube) with the
minimum volume of 250 uL (0.25 mL) is also a suitable specimen.
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Since 2010, all EID laboratories within the NHLS have used
the same HIV PCR assay. The COBAS® AmpliPrep/COBAS®
TagMan (CAP/CTM) HIV-1 Qualitative Test (Roche Molecular
Systems, Inc., Branchburg, NJ) is a total nucleic acid real-time
reverse transcriptase PCR assay that detects HIV-1 proviral
DNA and HIV-1 RNA on EDTA whole blood or DBS
specimens.® A new version of the assay, CAP/CTM v2.0, was
introduced during the course of 2014. This version replaces the
CAP/CTM test, is approved for in vitro diagnostic use and has
improved analytical sensitivity.* Whereas the previous version
of the assay was found to have a limit of detection of 1090
RNA copies/mL using 60 pL. DBS specimens, the CAP/CTM
v2.0 has a reported limit of detection of 300 RNA copies/mL.%”

Indeterminate HIV PCR results

An indeterminate result means that the HIV PCR test yielded
a valid but inconclusive result that is interpreted as being
neither clearly positive nor negative. The term ‘equivocal’
was used in the past to qualify HIV PCR results of uncertain
significance but is no longer used in NHLS EID laboratories.
Indeterminate results have a detectable target, as determined
by the instrument, but the amplified viral signal is of such a
low level 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.® Currently, the NHLS national EID SOP defines an
indeterminate HIV PCR result as a result with a detected
target that has a Ct value > 33 and/or RFI < 5. These cut-off
criteria will be continuously reviewed and, as they can
potentially be influenced by a number of clinical, pre-analytic
and analytic considerations, are likely to change with time.
These variables include the type of specimen tested (i.e. DBS
versus EDTA whole blood), reduction in mother-to-child
transmission rate (i.e. reduced background prevalence) and
the potential for antiretroviral prophylaxis to impact on
diagnostic sensitivity.

Extent of indeterminate results

There are approximately 270 000 HIV-exposed infants born
each year in South Africa.’"! Whereas this number is thought
to be fairly constant, the volume of testing has increased year
on year throughout the country. In 2014, 375 469 HIV PCR
tests were performed, equating to an estimated testing
coverage of 85% with approximately 1.8% of infants testing
positive at 6 weeks of age (personal communication Prof
Gayle Sherman)."”? Indeterminate results are relatively rare
and represent less than 1% of all registered specimens within
the South African EID programme, on average amounting to
less than 300 specimens per month. However, since 2012
indeterminate results have consistently comprised greater
than 16% of all detected specimens (i.e. all positive and
indeterminate specimens combined). Hence, indeterminate
results represent a significant proportion of infants requiring
urgent follow-up within the EID programme.
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Clinical and laboratory management
of indeterminate results

The management of infants with indeterminate results is
distinct from those with a positive result and requires a
multidisciplinary approach from laboratories, pathologists,
clinicians and programme managers. Depending on the
referral structures in each district, the primary clinician
should urgently seek advice for each case from more
specialised clinicians, such as District Clinical Specialist
Team paediatricians and paediatric infectious disease
specialists. Furthermore, pathologists based at the NHLS EID
laboratories should be consulted, and prevention of mother
to child transmission (PMTCT) and HIV and/or AIDS, STIs
and TB (HAST) programme managers should be contacted.

Laboratory management

Indeterminate results, as defined by the NHLS” EID SOP,
should be treated as urgent and reviewed by an appropriately
trained and experienced laboratory staff member, preferably
a registrar or pathologist. The Ct and RFI values should be
entered on the laboratory information system and the
laboratory information system should be searched for
previous HIV PCR and HIV viral load (VL) test results.
Furthermore, the contact clinician who requested the HIV
PCR test and/or a designated centralised responsible person
for the district or province (e.g. District Clinical Specialist
Team paediatrician or paediatric infectious disease specialist
or PMTCT coordinator or HAST programme manager)
should be contacted to discuss the case and requested to
submit repeat samples where appropriate.

Clinical management

Every primary clinician should have contact details of
specialist clinicians, programme managers and their NHLS
EID laboratory from the outset. Accurate completion of the
NHLS requisition form, with patient and clinician contact
details, facilitates this multidisciplinary approach and should
include the data set listed in Box 1. Special care should be
taken to ensure that the details on the request form reflect
those on the specimen (i.e. ensure that the name, surname
and barcode on the form and on the specimen are the same).

The actions required following an indeterminate result are
described in two broad scenarios. Scenario A outlines the

BOX 1: HIV PCR request form details.

The following details of the infant being tested should be entered on the
lab y req form and cap d on the lab y information system:

* Clinic or hospital name

* Name and surname of patient

* Date of birth

* Gender

* File number

* Patient address and contact details

* Specimen type and collection date

* Healthcare workers name, registration number and contact details.

In addition to the above, the following details when entered on the request
form should be cap' d on the lab y il ion system:

* Infant’s RSA identity number
* Road to Health Booklet number.
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management where an initial HIV PCR test, at any age
between birth and 18 months, has an indeterminate result.
Scenario B outlines the management where an initial HIV
PCR test is positive, but the confirmatory HIV PCR is
indeterminate (Figures 1 and 2, respectively).

Scenario A

The first HIV PCR test has an indeterminate result

A specimen for repeat HIV PCR testing and an additional
specimen for HIV VLtesting should be submitted immediately
and the patient referred.* Referral can mean seeking advice
from clinicians and /or pathologists or sending the patient to
a specialist referral centre urgently. Importantly, appropriate
referral should not be delayed whilst awaiting the laboratory
results of the repeat HIV PCR and HIV VL tests.

Where the repeat HIV PCR test is positive and/or HIV VL is
detectable (i.e. any value above the detection limit of the
assay), the child is likely HIV-infected (Figure 1: Al). Infant
cART initiation should not be delayed by further testing.
Although these cases require a confirmatory HIV PCR and/
or HIV VL to definitively establish a positive HIV infection
status, the clinical team must consider each case individually.

SCENARIO A:
1st HIV PCR Test Indeterminate

Repeat HIV PCR and HIV VL and refer immediately

Al A2

Evidence of HIV: No evidence of HIV:

HIV PCR-positive and/or
HIV VL detectable
(at any level)

HIV PCR-negative or
indeterminate AND
HIV VL undetectable

Infant likely
HIV-infected:

Complete infant
prophylaxis course:

Ensure close clinical
follow up. Repeat HIV
PCR and HIV VL 4 weeks
later, and if negative/
undetectable repeat HIV
PCR 6 weeks after
cessation of
breastfeediing

Virologist to review
Ct & RFI of initial
indeterminate

If repeat HIV PCR and
HIV VL required,
consider timing of
the testing in relation
to infant prophylaxis

and breastfeeding Have a low threshold for

repeat HIV testing if infant
becomes symptomatic

Initiate cART once HIV
infection confirmed on
2 separate samples

Consider HIV-uninfected
only if HIV PCR-negative
and HIV VL
undetectable after
+4 weeks of stopping
infant prophylaxis and
6 weeks after cessation
of breastfeeding

Source: SAHIVSOC: http://www.sahivsoc.org/upload/documents/Clinical%20and%20lab%
20S0P%20for%20HIV%20PCR%20indeterminates. pdf

FIGURE 1: Scenario A.
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In some cases, an indeterminate HIV PCR result, depending
on Ct/RFI values, followed by a positive HIV PCR and/or
detectable HIV VL result may be sufficient to establish a
diagnosis of HIV infection. If not, another specimen for
confirmatory HIV PCR and HIV VL tests is required at the
time of cART initiation.

Where the repeat HIV PCR is negative or indeterminate
again and the HIV VL is undetectable, it is important to
consider that HIV infection cannot be excluded in the
presence of antiretroviral prophylaxis (e.g. daily nevirapine
[NVP]) or within 4 weeks of discontinuing prophylaxis
(Figure 1: A2). As antiretroviral therapy (ART) may suppress
the target to less than detectable levels, it is important to
complete the infant ART prophylaxis course and repeat HIV
PCR and HIV VL 4 weeks later. The infant should be
monitored clinically every 2 weeks prior to this, and if the
child becomes symptomatic for HIV infection, testing should
be repeated immediately. Healthcare workers should have a
low threshold for repeat HIV PCR testing at any opportunity
before 10-18 weeks of age.

Scenario B

The first HIV PCR is positive but the second, confirmatory
HIV PCR is indeterminate

A specimen for repeat HIV PCR testing and an additional
specimen for HIV VL testing should be submitted immediately
and the patient referred. Where the patient has already been
initiated on cART, as per guidelines, this should not be
interrupted. Appropriate referral should not be delayed
whilst awaiting the laboratory results of the repeat HIV PCR
and HIV VL tests.

Where the repeat HIV PCR is positive and/or HIV VL is
detectable (i.e. any value above the detection limit of the
assay), the child is confirmed HIV-infected on account of HIV
having been detected twice on separate samples (Figure 2: B1).
It is imperative that such patients continue receiving cART.

Where the repeat HIV PCR is indeterminate and HIV VL is
undetectable, the Ctand RFIshould be reviewed in consultation
with a pathologist (e.g. clinical virologist) to decide whether
the infant can be considered HIV-infected or whether HIV PCR
and HIV VL require repeat testing (Figure 2: B2).

Where the repeat HIV PCR is negative and the HIV VL is
undetectable, it is important to consider that HIV infection
cannot be excluded in the presence of antiretroviral
prophylaxis (daily NVP) or cART if already initiated (Figure 2:
B3). The best approach for these infants should be determined
within the multidisciplinary team. It is vital to keep the
patient’s caregiver informed and supported (see ‘Counselling
Suggestions’ below) and the patient kept in close clinical
follow-up. The same approach should be followed for infants
with repeatedly indeterminate HIV PCR results.

Inall cases,aclear planshould be documented, communicated
and adhered to. If the diagnosis remains unclear despite all
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SCENARIO B:

CART

Bl
Evidence of HIV: HIV PCR

indeterminate:
HIV PCR-positive and/or

HIV VL detectable
(at any level)

HIV PCR result remains
indeterminate

Discuss with clinical
virologist:

Infant is
HIV-infected:

Review Ct & RFl to
decide whether infant
is HIV-infected or
requires additional
HIV PCR and VL
testing

Continue cART

1st HIV PCR-positive.
2nd HIV PCR indeterminate (Ct & RFI reviewed)

Repeat HIV PCR and HIV VL and refer immediately

B3

No evidence of HIV:

HIV PCR-negative AND
HIV VL undetectable

If unable to confirm
HIV-positive with
repeat testing,
consider monitored
infant cART
interruption in
consultation with a
paediatrician:
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Moniter closely with
HIV PCR and HIV VL
after withdrawal of
CART at +4 weeks,
3 months and 3 monthly
thereafter until off
ARVs for 18 months

Source: SAHIVSOC: http://www.sahivsoc.org/upload/documents/Clinical%20and%20lab%
20S0P%620for%20HIV%20PCR%20indeterminates. pdf

FIGURE 2: Scenario B.

attempts at resolution, the last resort is a monitored treatment
interruption under the guidance of an experienced paediatric
HIV clinician, if treatment has been started. It is recommended
that follow-up testing be performed at 1 month, 3 months,
and 3 monthly thereafter for a minimum of 18 months
off ART.

Counselling of caregivers

The mother or primary caregiver should be consulted
regarding the further management and follow-up of an infant
who has received an HIV PCR indeterminate result. The
decision to initiate cART, when indicated, must consider the
practical implications of where and how treatment will be
continued. Infant feeding should be carefully discussed
considering that breastfeeding improves outcome in HIV-
infected infants, and maternal adherence to ART during
breastfeeding should be stressed. All cases should urgently
be brought to the attention of the relevant HIV clinic.
Engagement of the family should be encouraged but the
mother or primary caregiver should guide the level of family
involvement. The mother’s well-being should be monitored
by providing adequate ART care, TB screening and adequate
psychosocial support. Itis important to document discussions
with the mother in the infant’s bed letter and road to health
booklet. The mother should have the clinic contact numbers
and clinical course and decisions should be documented in
the infant’s road to health booklet to facilitate communication
between different healthcare providers.
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Where possible, to improve compliance, continuity of care
should occur at a single facility, preferably with a single
healthcare worker.

The guiding principles of counselling in these cases should
include:

¢ The mother or primary caregiver must be involved with
honest and frank information at every stage.

¢ The message must be communicated that there is a
team involved with the infant’s care, that guidelines and
resources exist to determine the final outcome. However,
the length of this process is uncertain. Follow-up care and
clear communication, both verbal and written, is critical
especially for mobile mothers.

e The team may not know the answer to the diagnostic
dilemma at present but is aware how stressful this is and
will undertake to find the solution in consultation with
the mother and the necessary experts. At this stage, it is
critical that the follow-up care is monitored and tracked
to reassure the mother or family that somebody is
pursuing the problem. In the absence of a clear answer,
this should provide some level of relief.

* A clear plan should be documented, communicated and
adhered to. In the event of an unclear diagnosis despite
all attempts to come to a clear solution, the last resort will
be a monitored treatment interruption, if the infant is on
cART. It is recommended that follow-up testing be
performed at 1 month, 3 months and 3 monthly thereafter
for a minimum of 18 months off ART.

Note that these families need increased adherence support as
they may be confused by the indeterminate results and the
lack of a final confirmed diagnosis may contribute to poor
adherence to ART.

Summary

The laboratory diagnosis of HIV in infants less than
18 months of age requires two HIV PCR-positive results, each
on a separate specimen, as per South Africa’s National
Consolidated Guidelines of 01 June 2015. Alternatively, one
HIV PCR-positive result in association with an HIV VL that is
detectable on a separate specimen is also diagnostic of HIV.
An indeterminate HIV PCR result means that the test is
inconclusive (i.e. it is not clearly positive or negative).
Patients with indeterminate results require immediate
further testing, to determine whether the infant is
HIV-infected, and referral. Repeat HIV PCR and HIV VL
testing needs to be performed as a matter of urgency and the
patient managed according to the algorithm outlined in this
recommendation (Figures 1 and 2). Infants in whom the
diagnosis of HIV remains inconclusive or where discordant
results have been obtained (i.e. a positive HIV PCR followed
by a negative HIV PCR and undetectable HIV VL) need to be
managed by a multidisciplinary team and should be
discussed as a matter of urgency with a specialist clinician
and pathologist. Repeat HIV testing and clinical monitoring
is required until an HIV status is established. It is important
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to remember that infants cannot be considered HIV-uninfected
unless repeat testing occurs at least 4 weeks after cessation
of infant prophylaxis and 6 weeks after cessation of
breastfeeding. Counselling the mother or primary caregiver
regarding the indeterminate resultis of paramountimportance
to ensure successful follow-up and arrival at a definitive
diagnosis.
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Declining Baseline Viremia and Escalating Discordant HIV-1
Confirmatory Results Within South Africa’s Early Infant
Diagnosis Program, 2010-2016

Ahmad Haeri Mazanderani, MBChB, MMed, FCPath (SA) Viro,*1 Faith Moyo, MSc,* |
Tendesayi Kufa, MBChB, PhD,*§ and Gayle G. Sherman, MBBCh, MMed, PhD*%||

Objective: To describe baseline HIV-1 RNA viral load (VL) trends
within South Africa’s Early Infant Diagnosis program 2010-2016, with
reference to prevention of mother-to-child transmission guidelines.

Methods: HIV-1 total nucleic acid polymerase chain reaction
(TNA PCR) and RNA VL data from 2010 to 2016 were extracted
from the South African National Health Laboratory Service’s central
data repository. Infants with a positive TNA PCR and subsequent
baseline RNA VL taken at age <7 months were included.
Descriptive statistics were performed for quantified and lower-
than-quantification limit (LQL) results per annum and age in months.
Trend analyses were performed using log likelihood ratio tests.
Multivariable linear regression was used to model the relationship
between RNA VL and predictor variables, whereas logistic regres-
sion was used to identify predictors associated with LQL RNA
VL results.

Results: Among 13,606 infants with a positive HIV-1 TNA PCR
linked to a baseline RNA VL, median age of first PCR was 57 days
and VL was 98 days. Thirteen thousand one hundred ninety-five
(97.0%) infants had a quantified VL and 411 (3.0%) had an LQL
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result. A significant decline in median VL was observed between
2010 and 2016, from 6.3 log,, (interquartile range: 5.6-6.8) to 5.6
log)o (interquartile range: 4.2-6.5) RNA copies per milliliter, after
controlling for age (P < 0.001), with younger age associated with
lower VL (P < 0.001). The proportion of infants with a baseline VL
<4 Log;o RNA copies per milliliter increased from 5.4% to 21.8%.
Subsequent to prevention of mother-to-child transmission Option B
implementation in 2013, the proportion of infants with an LQL
baseline VL increased from 1.5% to 6.1% (P < 0.001).

Conclusions: Between 2010 and 2016, a significant decline in
baseline viremia within South Africa’s Early Infant Diagnosis
program was observed, with loss of detectability among some
HIV-infected infants.

Key Words: infant, HIV, antiretroviral, detection, viral load

(J Acquir Immune Defic Syndr 2018;77:212-216)

INTRODUCTION

The World Health Organization (WHO) recommends all
HIV-exposed infants be tested at 4-6 weeks of age with highly
accurate virological assays, such as HIV-1 DNA qualitative
polymerase chain reaction (PCR) and HIV-1 RNA viral load
(VL) tests, that have a proven sensitivity of at least 95% and
specificity of 98%.! Importantly, Early Infant Diagnosis (EID)
occurs within the context of increasing efforts to prevent mother-
to-child transmission (PMTCT) of HIV-1 through the provision
of antiretroviral drugs to both mothers and infants. The WHO has
endorsed various mother—infant PMTCT regimens since 2010,
described as Option A, Option B, and Option B+. Option A
advocates daily zidovudine (AZT) prophylaxis from 14 weeks
gestation for all HIV-infected pregnant women not otherwise
eligible for life-long triple-drug antiretroviral therapy (ART)
(eligibility criteria defined as CD4 count <350 cells per microliter
and/or WHO stage III/IV disease), WHO Option B recommends
triple ART be provided for the duration of pregnancy and
breastfeeding to all women, and Option B+ recommends lifelong
triple ART for all HIV-infected pregnant women, regardless of
CD4 cell count or the clinical stage.® All these PMTCT Options
recommend daily nevirapine prophylaxis for HIV-exposed infants
but differ in duration, with Option A advocating infant pro-
phylaxis throughout breastfeeding and both Option B and B+
recommending infant prophylaxis for a 6-week duration.

Although effective triple-drug ART is expected to
achieve viral suppression in plasma and has been associated
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with loss of detectability using qualitative PCR testing,’ the
impact of maternal ART and infant antiretroviral prophylaxis
on infant viremia and the clinical implications thereof are
unclear. HIV-1 VL results at birth and 1 month of age have
been found to be lower in children exposed to multidrug
compared with single-drug prophylaxis, suggesting that
diagnostic sensitivity may be affected by the intensity of
ART exposure.* Furthermore, loss of detectability and
indeterminate HIV-1 PCR results have been described among
infants exposed to various prophylactic regimens, including
daily dose nevirapine.*® More recently, HIV-1 PCR sensi-
tivity was found to be only 80% at 2 months of age among
formula-fed high-risk infants receiving triple-drug prophy-
laxis, further highlighting the need to evaluate the perfor-
mance of virological assays within PMTCT programs.”

We describe baseline HIV-1 VL trends within South
Africa’s EID program from 2010 to 2016 with reference to
the different WHO PMTCT regimens used during these years.

METHODS

Setting

South Africa’s National Health Laboratory Service
(NHLS) is the only diagnostic laboratory service provider
within the country’s public health sector, serving approxi-
mately 80% of the population.® Between 2010 and 2016, all
routine virological testing was performed within 10 EID and
17 VL centralized accredited (ISO 15189:2012) laboratories.
During this time, diagnostic assays remained unchanged,
although PMTCT and EID guidelines evolved. South Africa
implemented WHO Option A in 2010, Option B in 2013, and
Option B+ in 2015.2-'" Although in 2010 routine HIV-1 total
nucleic acid (TNA) PCR screening at 6 weeks of age and
subsequent HIV-1 RNA VL confirmatory testing was recom-
mended,'? guidelines were amended in 2013 to include
targeted testing of high-risk infants at birth.!® These were
again revised in 2015 with recommendations for routine
HIV-1 TNA PCR testing at birth and at 10 weeks of age
replacing the standard 6-week EID test, and confirmatory
TNA PCR testing replacing a baseline RNA VL for those
testing positive.!! Infant feeding policy also changed between
2010 and 2016 with the National Department of Health
ceasing to provide routine-free infant formula feeds from
August 2011 and advising all mothers to breastfeed their
infants for a 12-month duration in April 2013.10:13

Laboratory Testing

Since 2010, all EID laboratories within South Africa’s
public health sector have used the same HIV-1 qualitative
TNA PCR assay. The COBAS AmpliPrep/COBAS TaqMan
(CAP/CTM) HIV-1 Qualitative Test (Roche Molecular
Systems, Inc., Branchburg, NJ) is a real-time reverse
transcriptase PCR assay that detects HIV-1 proviral DNA
and HIV-1 RNA on whole-blood samples, either spotted on
a dried blood spot card or as free EDTA anticoagulated whole
blood. A new version of the assay, CAP/CTM v2.0, was
introduced during the course of 2014 with reported improve-

Copyright © 2017 Wolters Kluwer Health, Inc. All rights reserved.
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ment in the lower limit of detection (220 RNA copies/mL
versus 1090 RNA copies/mL on dried blood spot samples),
while maintaining good specificity (99.9% versus 100%).!4

Similar to qualitative TNA PCR testing, HIV-1 RNA
quantitative testing has also been standardized within the South
African public health sector. Since 2010, all HIV-1 RNA VL
tests have been performed using plasma on one of 2 assays—
either the CAP/CTM HIV-1 Test, v2.0 (Roche Molecular
Systems, Inc.) or Abbott RealTime HIV-1 test (Abbott
Molecular, Inc., Des Plaines, IL) with the lower limit of
quantification being 20 RNA copies per milliliter and 40 RNA
copies per milliliter, respectively.!>1® 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 copies per milliliter.

Importantly, the diagnostic sensitivities reported in
these validation studies were determined using clinical
samples obtained from adults rather than from HIV-exposed
infants on antiretroviral prophylaxis.'>'¢

Inclusion Criteria

HIV-1 TNA PCR and RNA VL test data from January
1, 2010, to December 31, 2016, were extracted from the
South African National Health Laboratory Service’s Corpo-
rate Data Warehouse, a central data repository of all
registered test sets within the public health sector. Data were
extracted to include laboratory sample number, registration
date, test result, patient file number, name and surname, and
date of birth. Test results were then linked by a patient
linking-algorithm using probabilistic matching of patient
demographics based on first name, surname, and date of
birth. All infants with a verified positive HIV-1 TNA PCR
result and a subsequent HIV-1 RNA VL result taken at <7
months of age were included in the analysis. Indeterminate
results, which represent approximately 15% of all nonnega-
tive valid HIV-1 TNA PCR results,!” were excluded. Among
infants with a lower-than-quantification limit (LQL) baseline
RNA VL result, the data warehouse was searched again for all
subsequent HIV-1 virological tests using the same algorithm.
A confirmed HIV-1 diagnosis was defined as a positive
HIV-1 TNA PCR result linked to a subsequent detected
virological result, whether TNA PCR or RNA VL.

Statistical Analysis

The median HIV-1 RNA VL and interquartile ranges
(IQRs) at baseline testing were determined by age in months
and year of testing. In addition, the proportion of infants who
had a quantified RNA VL and those with a VL <4 log;o RNA
copies per milliliter were determined per age group and year
of testing, and comparisons performed using Pearson x? test.
Multivariable linear regression was used to model the
relationship between the log;o baseline RNA VL and pre-
dictor variables, whereas logistic regression was used to
identify predictors associated with an LQL baseline RNA VL.
Trend analyses were performed using log likelihood ratio
tests. All statistical analysis was performed using STATA
version 14 (StataCorp, TX).
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This study was approved by the University of Pretoria’s
Faculty of Health Sciences Research Ethics Committee
(Protocol number—41/2016).

RESULTS

Results of 13,606 infants with a positive HIV-1 TNA
PCR that were linked to a subsequent baseline RNA VL result
were retrieved from the NHLS data warehouse. Median age at
first TNA PCR was 57 days (IQR: 45-96) and at baseline
RNA VL test was 98 days (IQR: 71-140), with a median time
from screening test to confirmatory test of 20 days (IQR:
7-43). At baseline RNA VL testing, a total of 13,195 (97.0%)
infants had a quantified result and 411 (3.0%) had an
LQL result.

Among the infants with a quantified baseline result, the
median RNA VL decreased between 2010 and 2016 from 6.3
log;o RNA copies per milliliter (IQR: 5.6-6.8) to 5.6 log;q
RNA copies per milliliter (IQR: 4.2-6.5) (Fig. 1), whereas the
proportion of infants with a baseline VL <4 log;, RNA
copies per milliliter increased from 5.4% to 21.8% (P <
0.001). Younger age at testing was associated with a lower
baseline RNA VL (P < 0.001). Compared with 2010, there
was also a significant decline in infant viremia per year after
controlling for age (P < 0.001) (Table 1), with the median
baseline RNA VL dropping most noticeably among infants
<1 month of age from 6.1 log;o RNA copies per milliliter
(IQR: 4.7-6.8) in 2010 to 4.3 log;o RNA copies per milliliter
(IQR: 3.3-5.4) in 2016.

Age at baseline RNA VL testing, although associated
with level of viremia, was not found to differ significantly
between infants with a quantified versus LQL result. How-
ever, infants with an LQL baseline RNA VL result were
found have had their screening TNA PCR test earlier (P <
0.001), at a median age of 46 days (IQR: 40-66) versus 57
days (IQR: 45-96), and consequently the duration between
their screening TNA PCR and baseline RNA VL test was

found to be longer (P < 0.001), occurring after a median
duration of 36 days (IQR: 14-79) compared with 20 days
(IQR: 7-44) for those with a quantified RNA VL result.
Baseline RNA VL results that were LQL comprised 4.3%
(30/693) of VLs among infants <1 month of age, 3.3% (48/
1470) among infants 1 to <2 months, 2.7% (104/3851)
among infants 2 to <3 months, 2.6% (76/2922) among
infants 3 to <4 months, 2.9% (53/1859) among infants 4 to
<5 months, 2.6% (35/1366) among infants 5 to <6 months,
and 4.5% (65/1445) among infants 6 to <7 months of age.
Although there was a decline in LQL RNA VL results
between the years 2010 and 2013 from 3.4% to 1.5%, there
was a significant increase in these results thereafter, reaching
6.1% of all baseline VL tests in 2016 (P < 0.001) (Table 1).

Of 411 infants with an LQL baseline RNA VL, 250
(60.8%) were found to have at least 1 subsequent linked
virological result. Of these, 153 (61.2%) had a detected result,
93 (37.2%) had an undetected result, and 4 (1.6%) were
not associated with a valid result. The median age at which
HIV-1 was detected on subsequent testing was 139 days
(IQR: 75-392).

DISCUSSION

Between 2010 and 2016, in parallel with the adoption of
sequential WHO PMTCT recommendations (Options A, B,
and B+), there was a significant decrease in baseline viremia
among HIV-infected infants in South Africa. In keeping with
findings from the pre-ART era, the median RNA VL results
were lowest among infants <1 month of age, rising rapidly in
the first months of life and thereafter declining slowly.!$
Although there was an initial annual decline in the proportion
of HIV-1 TNA PCR positive infants with an LQL RNA VL at
baseline, from 3.4% to 1.5% between 2010 and 2013, this
increased to 6.1% in 2016. The initial decrease of LQL VL
results can be accounted for by the increasing practice among
laboratories of verifying results that had higher cycle threshold

© A =
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2010 2011 2012 2013 2014 2015 2016

FIGURE 1. Quantified baseline VL
among infants <7 months of age.
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TABLE 1. Baseline VL Trends by Year After Controlling for Age

Quantified Baseline VLs

LQL Baseline VLs

Year N (%) Linear Regression Coefficient (95% CI) P N (%) Odds Ratio (95% CI) 7 4
2010 1764 (96.6%) Reference Reference 62 (3.4) Reference Reference
2011 1892 (97.2%) —0.03 (—0.11 to 0.38) 0.351 55 (2.8) 0.83 (0.57 to 1.20) 0.31
2012 2176 (97.7%) —=0.09 (—0.16 to —0.14) 0.019 51(2.3) 0.67 (0.46 to 0.97) 0.04
2013 2267 (98.5%) —0.12 (—0.19 to —0.05) 0.001 35 (1.5) 0.44 (0.29 to 0.67) <0.001
2014 2369 (97.3%) —0.25 (—0.32 to —0.18) <0.001 65 (2.7) 0.78 (0.55 to 1.11) 0.17
2015 1581 (95.9%) —0.61 (—0.69 to —0.54) <0.001 68 (4.1) 1.22 (0.86 to 1.74) 0.26
2016 1146 (93.9%) —0.76 (—0.85 to —0.68) <0.001 75 (6.1) 1.86 (1.32 to 2.63) <0.001

ClI, confidence interval; LQL, lower-than-quantification limit; N, number; VL, viral load.

values as “indeterminate.” The same standard operating pro-
cedure defining indeterminate results was eventually adopted
by all NHLS EID laboratories in 2013.!7 Indeterminate results,
which are neither clearly positive nor negative, are more likely
to be associated with undetected virological results on follow-
up testing and were therefore excluded from this study.'®

Importantly, most infants with discordant EID results (ie,
positive HIV-1 TNA PCR screening test and LQL baseline
RNA VL confirmatory test) who underwent subsequent testing
were confirmed HIV-1 positive, suggesting that some infected
infants were virologically suppressed at the time of confirmatory
testing. As the duration between the initial positive TNA PCR
test and baseline RNA VL test was found to be longer among
infants with an LQL result, our findings support clinical
guidelines that advocate confirmatory testing to be performed
as soon after an initial positive PCR result. Furthermore, as
>98% of infants with a positive PCR screening test were
confirmed HIV infected, current guidelines to initiate infant
ART at the time of confirmatory virological testing (and before
receiving these results) remain warranted. In cases where
a discordant confirmatory RNA VL result is received (ie,
positive HIV-1 TNA PCR screening test and LQL baseline
RNA VL confirmatory test), repeat virological testing should be
performed before any clinical decision to stop infant ART.
These findings are in keeping with reports that suggest
antiretroviral prophylaxis is associated with false-negative
virological results,*7-2022 an observation which has important
implications for HIV-1 infant testing algorithms and monitoring
of mother-to-child transmission.

Although the proportion of infants with discordant
confirmatory EID results increased subsequent to the imple-
mentation of WHO Option B, a number of additional pro-
grammatic and contextual changes have occurred making it
difficult to ascribe performance of virological testing to PMTCT
regimen alone. In 2011, the South African National Department
of Health officially withdrew free infant formula from all public
health facilities and in 2013 recommended mothers breastfeed
for a 12-month period.'%!3 Although the infants described in this
study all tested HIV-1 PCR positive before receiving an LQL
baseline RNA VL result, delayed HIV-1 detection among
infants exposed to postnatal antiretroviral prophylaxis during
breastfeeding has been described.?? In 2013, EID guidelines
were amended to include targeted birth testing of infants
identified as high risk for mother-to-child transmission.!® In
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mid-2015, guidelines were again revised, with universal birth
testing implemented and a second HIV-1 TNA PCR recom-
mended, instead of a baseline RNA VL, as a confirmatory test.'!
This latter change is likely to have contributed to the decreasing
number of infants with a baseline RNA VL performed during
the years 2015 and 2016. There has also been a considerable
decrease in the mother-to-child transmission rate, which is
anticipated to reduce the positive predictive value of EID
assays,>>2* although most infants with LQL baseline RNA VL
results were found to be HIV-1 infected on subsequent testing
indicating a true positive result on screening. Lastly, introduction
of the new version of the HIV-1 TNA PCR assay in 2014, with
a lower limit of detection,'"* might have played a role in
increasing the proportion of infants with an LQL baseline RNA
VL result. However, as the limit of detection of the RNA VL
assays is lower than both versions of the qualitative TNA PCR
assay used,'*1¢ all positive HIV-1 TNA PCR results should
have been detectable on RNA VL testing unless there was
virological suppression.

In conclusion, between 2010 and 2016, alongside the
introduction of improved maternal prophylaxis, younger age
and later year of testing have been associated with a signifi-
cantly lower baseline HIV-1 RNA VL. These results support
findings that antiretroviral prophylaxis may be associated with
loss of detectability of virological assays among some infants,
thereby delaying confirmation of HIV-1 infection early in life.
Further studies investigating the effects of antiretroviral pro-
phylaxis on sensitivity of HIV-1 PCR testing, and optimal
timing of EID are urgently needed.
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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 logio 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%
Cl: 0.8-1.0). A CAP/CTM Ct <23 and Xpert Ct <31 predicted a VL of >5.0 logio cps/ml in 82.2% (95%

Cl: 73.9-88.3) and 84.7% (95% ClI: 73.7-91.8) of cases, respectively.

Conclusion

EID Ct values at birth predict VL and accurately identify infants with VL >5.0 logio 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 logio 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 HIVV-exposed neonates within 4 days of birth and were tested with an EID HIV PCR assay, the
COBAS AmpliPrep/COBAS TagMan (CAP/CTM) HIV-1 Qualitative Test v2.0 (Roche Molecular
Systems, Branchburg, NJ, USA), in a centralized 1SO-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 ul 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 logio of the first VL ii) Xpert POC Ct value and the
logio of the first VL, respectively. These models were also used to predict mean VL log:o values at
different mean CAP/CTM or Xpert POC Ct values with 95% confidence intervals (Cl) 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 logio 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 logio 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 cCART. 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.

67



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 logio cps/ml, and 39 (39.8%) and 19 (19.4%) had a VL <4.0 logio and <3.0 logio 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 1ogio 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 logio cps/ml RNA (95% CI -0.30—0.22) decrease. The linear regression model
proved to be a better fit for Xpert results (R>=80%) compared with CAP/CTM results (R>=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) logio 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) 10gso

cps/ml, respectively (Figure 1Db).

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 logio cps/ml. A CAP/CTM EID Ct value of <23 had a sensitivity of 57.6%
(95% ClI: 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 logao
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 10910 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

log1o 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 logio
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 logio 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 logio 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 cCART. Hence, negative plasma RNA cannot

exclude HIV-infection among infants exposed to antiretroviral prophylaxis.
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a) CAP/CTM EID (adjusted R?=0.49)

VL Log cps/ml

20 22 24 26 28 30 32 34
CAP/CTM 2.0 Ct value
95% CI — Predicted Log1stVL
® Observed LoglstVL

b) Xpert EID (adjusted R?=0.80)

VL Log cps/ml

26 28 30 32 34 36 38 40 42 44
Xpert POC Ct value
95% CI — Predicted LoglstVL
® Observed LoglstVL

EID, Early Infant Diagnosis; Ct, cycle-threshold; VL, viral load; POC, point of care; Cl, 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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We describe the extent of and variables associated with irreproducible HIV-1 PCR positive results within South
Africa’s Early Infant Diagnosis (EID) program from 2010 to 2015 and propose criteria for differentiating indeter-
minate from clearly positive results using the COBAS® AmpliPrep/COBAS® TagMan HIV-1 Qualitative Test ver-
sion 2.0 (CAP/CTM Qual v2.0). Fourteen percent of specimens with an instrument-positive result that were

repeat-tested yielded a negative result for which cycle threshold (Ct) proved to be the only predictive variable.
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A Ct<33.0 was found to be the most accurate threshold value for differentiating clearly positive from irreproduc-
ible cases, correctly predicting 96.8% of results. Among 70 patients with an irreproducible positive result linked to
a follow up HIV-1 PCR test, 67 (95.7%) were negative and 3 (4.3%) were instrument-positive. Criteria differenti-
ating clearly positive from indeterminate results need to be retained within EID services and infants with inde-
terminate results closely monitored and final HIV status determined.

© 2018 Elsevier Inc. All rights reserved.

1. Introduction

Globally, more than 1.2 million infants are born to HIV-infected
women each year. (UNAIDS, 2015) On account of the rapid morbidity
and high mortality risk associated with HIV-infection, (Bourne et al.,
2009; Innes et al., 2014; Newell et al., 2004) all HIV-exposed infants re-
quire services for early infant diagnosis (EID) to ensure those infected
are timeously identified, linked to care and initiated on life-saving anti-
retroviral therapy (ART). (Violari et al, 2008) Due to the passive transfer
of maternal antibodies, EID requires direct detection methods such as
nucleic acid testing by polymerase chain reaction (PCR). As diagnosis
(and misdiagnosis) of HIV-1 has far-reaching consequences, highly ac-
curate tests are required. The World Health Organization (WHO)
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recommends EID assays have a sensitivity of at least 95% and specificity
of 98%, with routine testing performed at 6 weeks of age. (World Health
Organisation, 2016)

South Africa, which has the largest population of people living with
HIV-1 in the world, has approximately 260,000 HIV-exposed infants
born each year. (Sherman, n.d.; National Department of Health, 2015a;
Statistics South Africa, 2015) Consequently, the prevention of mother-
to-child transmission (PMTCT) continues to be a national health priori-
ty. In keeping with WHO recommendations, (World Health
Organization, 2012) South Africa's PMTCT program has evolved consid-
erably since 2010 when an WHO Option A policy was implemented in
which daily zidovudine (AZT) prophylaxis from 14 weeks gestation
was recommended for all HIV-infected pregnant women not otherwise
eligible for like-long triple-drug ART. (National Department of Health,
2010a) In 2013, guidelines were updated to a WHO Option B policy in
which triple ART was advocated for all HIV-infected pregnant and
breastfeeding women, (National Department of Health, 2013) which
in turn was replaced in 2015 by an Option B+ policy recommending
lifelong triple ART for all HIV-infected pregnant women, regardless of
CD4 cell count or clinical stage. (National Department of Health,
2015b) Over the years, the increased access to effective maternal
PMTCT has in turn influenced the epidemiology of mother-to-child
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transmission, with the majority of early infant infections found to occur
via the intra-uterine routine of transmission. (Lilian et al., 2012) Hence,
national EID guidelines have subsequently been updated with the goal
of achieving earlier diagnosis and linkage to care. (Sherman, 2015)
Whereas routine HIV-1 PCR testing at 6 weeks of age had previously
been the mainstay of EID, (National Department of Health, 2010b; Na-
tional Department of Health, 2013) South Africa’s national guidelines
were revised in June 2015 with a combination of birth and 10 week test-
ing recommended for all HIV-exposed infants. (National Department of
Health, 2015b)

Within the South African public health sector EID services are per-
formed within nine centralized accredited laboratories (ISO
15189:2012) through the National Health Laboratory Service (NHLS).
(Sherman et al., 2017) All laboratories use the same HIV-1 PCR assay,
the COBAS® AmpliPrep/COBAS® TagMan (CAP/CTM Qual) HIV-1 Qual-
itative Test (Roche Molecular Systems, Inc., Branchburg, NJ). A new ver-
sion of the assay, the CAP/CTM Qual v2.0, was introduced during 2014
with validation studies suggesting an improvement in the lower limit
of detection whilst maintaining good specificity. (Templer et al., 2016)
A single national EID standard operating procedure (SOP) is employed
throughout the NHLS, with routine testing performed on whole blood
using either dried blood spots (DBS) or Ethylenediaminetetraacetic
acid (EDTA) anticoagulated specimens. This SOP guides both analytical
procedures as well as the post-analytical verification of results, wherein
raw data from EID results are reviewed by laboratory staff. Once veri-
fied, all results with their respective patient demographic details are
stored centrally within the NHLS Corporate Data Warehouse (CDW).

Although South Africa has a low early infant transmission rate (de-
fined as positive infections among HIV-exposed infants aged
<2 months) of approximately 1.5%, (Massyn et al., 2014) a considerable
number of test results are verified as indeterminate. These are instru-
ment-positive results that, according to the national SOP, are considered
neither clearly positive nor negative (i.e. indeterminate), (Haeri
Mazanderani et al., 2016) and are based on findings that results with
high cycle threshold (Ct) and low relative fluorescence intensity (RFI)
values are associated with a poor positive predictive value and negative
HIV-1 PCR result on follow-up testing. (Maritz et al., 2012; Maritz et al,
2014) The Ct of a real-time PCR result refers to the number of thermal
cycles required for the fluorescence signal to cross the diagnostic inten-
sity threshold of the assay. Hence, Ct is derived from the RFI which refers
to the intensity of fluorescence detected in relation to the background
level. Whereas Ct values are inversely proportional to the amount of tar-
get nucleic acid in a sample, RFI values usually increase proportionately
with target concentration. In 2015 there were over 3000 EID specimens
verified as indeterminate, equating to 17% of instrument-positive re-
sults and 0.7% of all verified results. (Haeri Mazanderani et al., 2017)
Among infants tested at birth, indeterminate results have been found
to delay time to final diagnosis by 30 days, with half subsequently
found to be HIV-infected. (Technau et al., 2017) Hence, indeterminate
HIV-1 PCR results represent a significant inefficiency within the EID pro-
gram, warranting efforts to reduce their burden whilst maintaining
highly accurate results.

Limited data exists regarding the performance of the CAP/CTM Qual
v2.0 assay within routine clinical laboratory settings. The criteria in the
current SOP used to define indeterminacy within South Africa's EID labs
are still based on the original version of the assay. We describe the level
of indeterminate results according to current NHLS threshold values for
both versions of the CAP/CTM Qual assay. As a means of identifying and
characterizing instrument-positive results with a poor positive predic-
tive value, we describe the extent of and variables associated with
irreproducible HIV-1 PCR positive results within South Africa's EID
program from 2010 to 2015. Furthermore, the performance of different
cut-off values to successfully differentiate irreproducible from repro-
ducible positive results using the CAP/CTM Qual v2.0 assay are de-
scribed and new criteria for defining indeterminate HIV-1 PCR results
proposed.

2. Methods
2.1. Study design and ethics statement

This study was a retrospective analysis of routine laboratory data
and has been approved by the University of Pretoria's Faculty of Health
Sciences Research Ethics Committee (41/2016).

2.2. Setting

Early infant diagnosis testing-methods within South Africa's public
health sector have been standardized since 2010. Testing is routinely per-
formed using either DBS specimens obtained from capillary heel-prick
(approximately 60 pl per spot per test) or EDTA anticoagulated whole
blood via phlebotomy or arterial puncture (100 pl per test). In 2010,
the NHLS implemented the CAP/CTM Qual HIV-1 Test, a total nucleic
acid real-time reverse transcriptase PCR assay that detects HIV-1 proviral
DNA and HIV-1 RNA on whole blood specimens. The assay was replaced
with a new version, the CAP/CTM Qual v2.0, during the course of 2014. In
addition to targeting highly conserved regions of the HIV-1 gag gene, the
CAP/CTM Qual v2.0 test includes dual-target primers that define se-
quences within HIV-1 long terminal repeat (LTR) regions. Validation
studies suggest an improvement in the lower limit of detection with
the new version (220 RNA copies/ml versus 1090 RNA copies/ml on
DBS samples) whilst maintaining good specificity (99.9% versus 100%).
(Templer et al.,, 2016) Importantly, the manufacturer's validation studies
that reported on diagnostic sensitivity did not include a review of clinical
samples obtained from infants born to HIV-infected mothers who had
been exposed to antiretroviral prophylaxis. (Roche, 2011; Roche, 2013)

Since 2013, specimens yielding a valid instrument-positive result
with a Ct value of >33.0 and/or an RFI of <5.0 have been defined as inde-
terminate within the NHLS. (Haeri Mazanderani et al., 2017) Such re-
sults are interpreted as inconclusive, being neither clearly positive nor
negative, with infants who test indeterminate requiring close follow-
up and monitoring. (Haeri Mazanderani et al., 2016) Although criteria
defining indeterminate results have been standardized, laboratory test-
ing practice of specimens that yield indeterminate results (i.e. if and
when repeat testing of a specimen should be performed) has not.
Hence, laboratories have had different practices over the years with
some repeat testing all specimens with an instrument-positive result,
whilst others have selected only those that are not clearly positive (i.e.
meet NHLS indeterminate criteria), and others still have not routinely
repeated any specimens other than troubleshooting potential sample-
swap. Table 1 provides a list of terminology used throughout the manu-
script relating to non-negative results.

Table 1
Non-Negative HIV-1 PCR Terminology.

Term Interpretation

Instrument-positive result Aresult reported by the instrument as positive (i.e.
according to the manufacturers specifications)
A result reported by the instrument as positive but
interpreted and verified by laboratory staff, according
to standard operating procedures, as being
inconclusive (i.e. neither clearly positive nor negative)
A specimen which yields an instrument-positive
result on initial testing and on repeat testing
Irreproducible positive result A specimen which yields an instrument-positive
result on initial testing but yields an
instrument-negative result on repeat testing

Indeterminate result

Reproducible positive result

Valid result A result for which all necessary analytical quality
control checks have passed. Valid results are
verified by laboratory staff as either ‘positive’,
‘indeterminate’ or ‘negative’

Invalid result A result for which one or more analytical quality

control checks has failed. Such results are verified
by laboratory staff as ‘invalid’ and are not
associated with any other qualitative result
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2.3. Inclusion criteria

All available HIV-1 PCR CAP/CTM Qual and CAP/CTM Qual v2.0 in-
strument data from 2010 to 2015, including unique laboratory speci-
men number, date and time of testing, target Ct value, target RFI
value, and instrument result, were extracted from NHLS EID laboratories
and obtained from the assay manufacturer. The NHLS CDW was also
searched for follow-up HIV-1 PCR results for infants with a CAP/CTM
Qual v2.0 result. As South Africa's public health sector has yet to imple-
ment a unique patient identification system, this was performed by an
automated patient-linking algorithm using probabilistic matching of
patient demographics based on first name, surname and date of birth.
This algorithm has a reported sensitivity of 73% and positive predictive
value of 83% among matched results. (MacLeod et al., 2016)

24. Statistical analysis

HIV-1 PCR tests from 2010 to 2015 were described according to in-
strument result prior to interpretation and verification according to
the NHLS SOP (i.e. valid instrument-positive, valid instrument-negative
and invalid results). Test reliability was calculated as the percentage of
specimens yielding a valid result on initial testing over total tested,
while the proportion of irreproducible positive results was determined

ic Microbiology and Infectious Disease 91 (2018) 248-255

as the percentage of specimens that yielded an instrument-negative re-
sult on repeat testing over total number of instrument-positive speci-
mens that were repeat tested. Descriptive analysis of all instrument-
positive results was performed with respect to Ct, RFI, patient age, test-
ing laboratory, specimen type and year of testing. Continuous variables
were described using medians with interquartile ranges (IQRs) and cat-
egorical variables described using proportions. The above variables of
specimens tested using CAP/CTM Qual were compared with specimens
tested using CAP/CTM Qual v2.0, and specimens which yielded a repro-
ducible instrument-positive result were compared with specimens
which yielded an irreproducible instrument-positive result (i.e. nega-
tive on repeat testing of the same specimen). Wilcoxon Rank Sum and
Kruskal-Wallis tests were used to compare medians between groups
and the chi-square test was used to compare proportions. Variables as-
sociated with the primary study outcome, namely an irreproducible in-
strument-positive HIV-1 PCR results using CAP/CTM Qual and CAP/CTM
Qual v2.0 assays, were determined. Study predictors were Ct, RFI, pa-
tient age, testing laboratory, specimen type and year of testing with
Ct, RF], patient age analyzed as continuous variables. Logistic regression
was performed to determine factors associated with the study outcome.
Univariate analysis was used to select variables that were significant
predictors of a negative result on retesting at the P < 0.20 level of signif-
icance. The significant variables were then used to build the adjusted

1090 019
Specimens

| ,

|

1016 798
Instrument-Negative

54 098
Instrument-Positive

19123
Instrument-Invalid

!

|

}

4286 49 812
Retested Not Retested
2704 1422 160 EXCLUDED
CAP/CTM Qual CAP/CTM Qual v2.0 Both versions used
23!1(86%.)' > 12]6(85%).
Instrument-Positive Instrument-Positive
R 311 (12%) 193 (14%)
Instrument-Negative Instrument-Negative
62 (2%) 13 (1%)
Instrument-Invalid Instrument-Invalid

Fig. 1. Retesting instrument-positive results using CAP/CTM and CAP/CTM v2.0 assays.
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Table 2
Characteristics of HIV-1 PCR instrument-positive results.

ic Microbiology and Infectious Disease 91 (2018) 248-255 251

Characteristic CAP/CTM Qual

CAP/CTM Qual v2.0

Total instrument-positive

Repeated instrument-positive

Total instrument-positive Repeated instrument-positive

N 39973 2704

Ct 249 (22.6-28.1) 27.3(23.6-32.1)
RFI 104 (7.8-11.8) 7.7 (39-11.1)
Sample type N (column %)

+ DBS 16,497 (41.6%) 760 (33.6%)

« EDTA 12,210 (30.8%) 1368 (60.5%)

« Unknown 10,941 (27.6%) 134 (5.9%)

Age (days) 133 (51-392) 184 (54-291)

14,125 1422

231 (21.0-26.9) 23.1 (20.4-28.3)
9.7 (7.2-11.0) 95 (5.6-10.9)
5779 (41.1%) 314 (26.4%)
1731 (12.3%) 205 (17.2%)
6536 (46.6%) 670 (56.4%)

89 (45-283) 96 (45-303)

N, number; Ct, cycle threshold, RF], relative fluorescence intensity; DBS, dried blood spot; CAP/CTM, COBAS® AmpliPrep/COBAS® TagMan HIV-1 Qualitative Test; v2.0, version 2.0.

multivariate model at the P< 0.05 level of significance. Log-likelihood
ratio tests were used to select the final model using a likelihood ratio
chi-squared test P < 0.05. A receiver operating curve (ROC) analysis
was used to predict the Ct threshold yielding the most accurate results
using the CAP/CTM Qual v2.0 assay. All statistical analysis was per-
formed using STATA version 14 (Statacorp, Texas, USA).

3. Results

02,061,944 HIV PCR-1 tests verified within the NHLS between 2010
and 2015, (Haeri Mazanderani et al., 2017) instrument data were re-
trieved for 1090 019 (53%). Among these, 1,016,798 (93.3%) had a nega-
tive result, 54,098 (5.0%) had an instrument-positive result and 19,123
(1.8%) had an invalid result, amounting to a total sample reliability of
98.2% (Fig. 1). Instrument-positive results tested using the original
CAP/CTM Qual assay (39,973 specimens) had a median Ct of 24.9 (IQR:
22.6-28.1) and RFI of 10.4 (IQR: 7.8-11.8), whereas results from the
CAP/CTM Qual v2.0 (14,125 specimens) had a median Ct of 23.1 (IQR:
21.0-26.9) and RFI of 9.7 (IQR: 7.2-11.0). Both Ct and RFI values were
statistically different between the two versions of the assay (P < 0.001).
Furthermore, for both CAP/CTM Qual and CAP/CTM Qual v2.0 assays, Ct
and RFI were inversely correlated, although there was a stronger correla-
tion co-efficient associated with the latter (—0.77 versus —0.82, respec-
tively). According to current threshold values used to define
indeterminacy within the NHLS, 0.7% of total results met indeterminate
criteria with a slightly higher proportion with the current CAP/CTM
v2.0 compared with the original version (15.3% versus 13.3% of instru-
ment-positive results) (P < 0.001). Among infants <3 months of age,
younger age was associated with both a higher Ct value as well as a
higher proportion of indeterminate results (P < 0.001). Using CAP/
CTM v2.0, median Ct values were 27.0 (IQR: 23.5-31.0), 23.7 (IQR:
21.4-29.7) and 22.4 (IQR: 20.3-25.4) at <1 month, 1-<2 months, and

Table 3
Characteristics among reproducible and irreproducible HIV-1 PCR positive results.

2-<3 months of age respectively (Suppl. Table 1), whilst the proportion
of instrument-positive results meeting indeterminate criteria were
27.3%, 22.6% and 13.0%. Similarly, infants tested at <7 days (i.e. at birth)
were found to have a higher Ct value, 27.3 (IQR: 24.1-31.4), when com-
pared with infants tested between 7 days - <2 months of age, 23.8 (IQR:
21.5-29.8) (P<0.001), in keeping with reports that younger age at test-
ing is associated with a lower baseline RNA viral load. (Haeri
Mazanderani et al., 2018; Shearer et al., 1997) Although birth tests com-
prised the highest rate of indeterminate results when calculated as a pro-
portion of total instrument-positive results per age group (29.5%), this
was not the case when indeterminates were calculated as a proportion
of total HIV-1 PCR tests performed. As a proportion of total tests, indeter-
minate results at birth, 7 days-<2 months, and 2-3 months were found
to comprise 0.65%, 0.56% and 0.71%, respectively. Patient and specimen
characteristics for both versions of the assay are provided in Table 2.

3.1. Reproducibility

A total of 4126 specimens, 7.6% of all instrument-positive results,
were retested using the same version of the assay as the initial test:
2704 using the original CAP/CTM Qual assay of which 331 (12%) yielded
an irreproducible positive result, and 1422 using CAP/CTM Qual v2.0 of
which 193 (14%) yielded an irreproducible positive result (Fig. 1).
Whereas data from the original CAP/CTM Qual assay were available
from all nine national EID laboratories, CAP/CTM v2.0 data was restrict-
ed to five laboratories of which a single facility contributed 68% of spec-
imen results that were repeat tested (Suppl. Table 2.)

Repeat testing of specimens was performed shortly after the initial
test, with a median duration of 24.0 hours (IQR 19.3-43.8) on the original
CAP/CTM Qual assay and 23.8 hours (IQR 13.3-35.9) on CAP/CTM Qual
v2.0. Among specimens that were repeat tested, clear differences in Ct
and RFI (of the initial result), as well as age and specimen type, could

Variable CAP/CTM Qual

CAP/CTM Qual v2.0

Reproducible Positive results

Irreproducible Positive results

Reproducible Positive results Irreproducible Positive results

Ct, median (IQR)

RFI, median (IQR)

Age, median (IQR)
Specimen type N (column %)

26.4(23.3-31.1)
8.6 (4.8-11.3)
184 (54-291) days

1.9(1.5-2.8)

« DBS 760 (33.6%) 195 (60.4%)
« EDTA 1368 (60.5%) 95 (29.4%)
* Unknown 134 (5.9%) 33 (10.2%)
Testing lab N (column %)

« Tshwane 271 (11.7%) 138 (41.7%)
« Other 2040 (88.3%) 193 (58.3%)
Year* N (column %)

* <2012 1078 (46.7%) 130 (39.3%)
« 22012 1233 (53.4%) 201 (60.7%)

35.2 (31.0-36.8)

58 (44-153) days

22.1 (20.0-255)
9.9 (7.8-11.1)
96 (45-303) days

35.6 (34.3-37.5)
22(1.6-33)
46 (42-99) days

314 (26.4%) 94 (49.2%)
205 (17.2%) 20 (10.5%)
670 (56.4%) 77 (40.3%)
887 (72.9%) 80 (41.5%)
329 (27.1%) 113 (58.6%)
276 (22.7%) 84 (43.5%)
940 (77.3%) 109 (56.5%)

N, number; Ct, cycle threshold, RFI, relative fluorescence intensity; DBS, dried blood spot; EDTA, Ethylenediaminetetraacetic acid; CAP/CTM Qual, COBAS® AmpliPrep/COBAS® TagMan
HIV-1 Qualitative Test; v2.0, version 2.0; “For CAP/CTM Qual v2.0 year was categorized according to <2015 and >2015.
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be observed between those that yielded a reproducible positive result
compared with those with an irreproducible positive result (Table 3).

3.2. Differentiating reproducible from irreproducible HIV-1 PCR positive re-
sults using CAP/CTM Qual v2.0

For specimens with an instrument-positive result that were repeat
tested using the original CAP/CTM Qual assay, higher Ct (P < 0.001),
lower RFI (P<0.001) and DBS specimen type (P< 0.001) were all signif-
icantly associated with an irreproducible result (i.e. tested instrument-
negative on repeat testing). However, for specimens tested using the
current CAP/CTM Qual v2.0 assay, Ct proved to be the only variable as-
sociated with an irreproducible positive result (P < 0.001) after
adjusting for RFI, age, specimen type, testing laboratory, and year of
testing (Table 4).

The Ct value of specimens that were repeat-tested using the CAP/
CTM Qual v2.0 assay did not differ significantly from all other CAP/
CTM Qual v2.0 positive results (P = 0.4), both having a median Ct of
23.1, suggesting most positive results were retested irrespective of Ct
value. After adjusting for specimen type, the odds of getting a negative
result on retesting increased by 1.8 with every unit increase in Ct
value (95% CI: 1.4-2.2). Hence, Ct can be used to predict the chance of
a specimen with an instrument-positive result yielding a negative result
on repeat testing, with different Ct cut-off values differing in perfor-
mance in being able to correctly differentiate reproducible from irrepro-
ducible positive results. Table 5 provides the number and proportion of
instrument-positive and irreproducible results at different Ct values
using CAP/CTM Qual v2.0. Whereas a higher Ct cut-off will define
fewer results as indeterminate, a greater number of irreproducible re-
sults would be verified as positive. A Ct cut-off of <33.0 provided the
best performance using ROC analysis suggesting this would correctly
categorize 96.8% of instrument-positive results, with 87.0% (168/ 193)
of irreproducible results and 1.6% (20/ 1216) of reproducible instru-
ment-positive results identified as indeterminate (Suppl. Table 3). Ap-
plying these criteria to the CAP/CTM Qual v2.0 assay would have

Table 4
Odds ratios for irreproducible HIV-1 PCR results.
CAP/CTM Qual
Variable Unadjusted odd ratio P value Adjusted odds ratio P
(95% C1) (95% CI)
Ct 1.2 (1.2-13) <0.001 1.2 (1.1-1.3) <0.001
RFI 0.6 (0.6-0.7) <0.001 0.8 (0.7-0.9) <0.001
Age in days 1.0 (1.0-1.0) 0.060 1.0 (1.0-1.0) 0.426
Specimen type
» DBS Reference Reference Reference Reference
+ EDTA 0.3 (0.2-0.4) <0.001  04(03-06) <0.001
Testing lab
» Tshwane  Reference Reference Reference Reference
* Other 0.2 (0.1-0.2) 0.001 0.8 (0.5-1.1) 0.122
Year
» <2012 Reference Reference Reference Reference
» 22012 14(1.1-1.7) 0.012 1.0 (0.8-1.4) 0.779
CAP/CTM Qual v2.0
Ct 1.8 (1.6-1.9) <0.001 1.8 (1.4-2.2) <0.001
RFI 0.5 (0.4-0.5) <0.001 1.0 (0.7-1.4) 0.945
Age in days 1.0 (1.0-1.0) 0.805 1.0 (1.0-1.0) 0.779
Specimen type
» DBS Reference Reference Reference Reference
« EDTA 0.3 (0.2-0.5) <0.001 1.0 (04-2.7) 0.946
Testing lab
» Tshwane  Reference Reference Reference Reference
* Other 3.8(2.8-52) <0.001 2.6(09-7.7) 0.082
Year
- 2014 Reference Reference Reference Reference
» 2015 0.4 (0.3-0.5) <0.001 0.6 (0.2-1.5) 0.262

Cl, confidence interval; Ct, cycle threshold, RF], relative fluorescence intensity; DBS, dried
blood spot; EDTA, Ethylenediaminetetraacetic acid; CAP/CTM Qual, COBAS® AmpliPrep/
COBAS® TagMan HIV-1 Qualitative Test; v2.0, version 2.0.

Table 5
Irreproducible positive HIV-1 PCR results at different Ct values using CAP/CTM v2.0.

Ct Tested Tested % (of Irreproducible Irreproducible
N instrument-positive N %
results)
<43.0 1409  100% 193 13.7%
<35.0 1284 91.1% 72 5.8%
<34.0 1248  88.6% 39 3.1%
<33.0 1221  86.7% 25 2.0%
<32.0 1193 84.7% 17 1.4%
<31.0 1164  82.6% 16 1.4%
<30.0 1122 79.6% 14 1.2%
235.0 125 8.9% 121 96.8%
234.0 161 11.4% 154 95.7%
>33.0 188 133% 168 89.4%
2320 216 153% 176 81.5%
231.0 245 174% 177 72.2%
230.0 287  204% 179 62.4%
>12.0 1409  100% 193 13.7%
34.0-<350 36 2.6% 33 91.7%
33.0-<34.0 27 1.9% 14 51.9%
32.0-<33.0 28 2.0% 8 28.6%
31.0-<320 29 2.1% 1 3.5%
30.0-<31.0 42 3.0% 2 4.8%

Ct, Cycle threshold; N, number.

reduced the number of indeterminate results by 30.7%, from 2164 to
1499, and decreased the indeterminacy rate from 15.3% to 10.6%
among all instrument-positive results.

3.3. Follow-up testing

Among the 193 infants with an irreproducible positive HIV-1 PCR re-
sult using CAP/CTM Qual v2.0 (Fig. 1), 70 were found to have a subse-
quent HIV-1 PCR test verified on the laboratory information system. Of
these 67 (95.7%) were negative and 3 (4.3%) were instrument-positive.
The median duration between the re-tested irreproducible result and
the date taken of the subsequent specimen was 29 days (IQR: 15-61).
Among infants with an irreproducible positive result who tested nega-
tive on a subsequent specimen, the median Ct of the initial result was
35.8 (IQR: 34.4-37.5) of which 7 (10.4%) had a Ct <33.0 (with values
of 18.1, 24.6, 25.0, 28.1, 32.1, and 32.8). Infants whose next specimen
was instrument-positive had an initial Ct of 20.7, 33.0, and 35.0. We
also searched for subsequent results of patients who had a reproducible
instrument-positive result with a high Ct of 232.0. There were a total of
216 specimens with a Ct 232.0 that were repeat-tested. Of these 176/
216 (81.5%) were irreproducible (i.e. instrument-negative on repeat
testing of the same specimen) and the remaining 40/216 (18.5%) spec-
imens had reproducible positive results. These 40 specimens belonged
to 37 patients of whom 26 were found to have a subsequent linked viro-
logical test; 20/26 (76.9%) were positive and 6/26 (23.1%) were negative
(Fig. 2). Among the 6 patients with a negative result on follow-up, two
had an additional HIV test thereafter both of which were positive.
Hence, among 26 patients with an initial reproducible HIV-1 PCR result
that had a high Ct 232.0, 22/26 (84.6%) tested HIV positive on subse-
quent testing.

4. Discussion

This study provides a retrospective analysis of reliability and repro-
ducibility of HIV-1 PCR testing within a busy centralized EID program,
and represents the largest single report on the subject to date. It is
also the first description of indeterminate HIV-1 PCR results, and deter-
mination of an appropriate cut-off, using the CAP/CTM v2.0 assay within
South Africa's public health sector.

Unlike validation studies conducted under ideal laboratory condi-
tions, specimens tested within routine clinical laboratory settings are
subject to greater variation in operating conditions, which in turn are
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216 specimens
Ct >32.0 and Retested

'

Instrument-Positive

(Reproducible)
26 patients
with follow-
up testing
Instrument- Instrument-
Positive Negative
20 (76.9%) 6(23.1%)

}

Instrument-Negative
(Irreproducible)

!

70 patients
with follow-
up testing

'

!

Instrument- Instrument-
Positive Negative
3 (4.3%) 67 (95.7%)

Fig. 2. Follow-up testing among HIV-1 PCR Positive results with Ct 232.0.

associated with an increase in random error and a decrease in test pre-
cision. (Burd, 2010) These variations relate primarily to pre-analytical
non-automated procedures, although differences in the techniques of
individual operators may also introduce random variation. Mislabeling,
contamination, pipetting errors, insufficient specimen volume, and var-
iations in storage and testing conditions are all recognized as common
sources of random error. (Burd, 2010) The high proportion of specimens
with an irreproducible positive result after repeat testing suggests con-
siderable inter-assay variability and poor precision within South Africa's
EID program.

COBAS® AmpliPrep/COBAS® TagMan HIV-1 PCR instrument-posi-
tive results with high Ct values were clearly associated with irreproduc-
ibility after repeat testing, indicating poorer precision among specimens
with a target concentration nearer the limit of detection of the assay.
Whereas low RFI and DBS specimen-type (versus EDTA whole blood)
were also significantly associated with irreproducible positive results
using the original CAP/CTM Qual assay, Ct was the only such indepen-
dent variable using the current CAP/CTM Qual v2.0 assay. As >95% of in-
fants with an irreproducible positive result who had follow-up testing
were HIV-1 PCR negative, it is likely that the majority of these results
represent false-positives. Possible reasons for this include specimen
contamination prior to testing, amplicon contamination and hydrolysis
probe degradation. Labeling and sample swap errors possibly account
for some of these results as well, in particular those specimens yielding
irreproducible positive results with aberrantly low Ct values. Further-
more, on account of a decreasing mother-to-child transmission rate, as
has been reported for South Africa, (Massyn et al., 2014; Sherman et
al., 2014) a reduced positive predictive value is expected to result in
an increase in the proportion of false-positive results. (Feucht et al.,
2012) Hence, age ranges associated with a lower HIV prevalence (i.e.
among infants <2 months of age where the majority of routine asymp-
tomatic testing occurs) can therefore be expected to have the highest
proportion of false-positive results.

Despite the likelihood that most irreproducible positive results rep-
resent false positives, it is also important to consider the possibility of
low level HIV-1 nucleic acid that could account for these results. Inter-
estingly, whole blood EDTA specimens were less likely to be associated
with irreproducible positive results than DBS specimens using the

original CAP/CTM Qual assay. As a greater specimen volume is tested
using EDTA whole blood compared to DBS (100 pl versus approximately
60 ), it stands to reason that there would be fewer irreproducible re-
sults. This raises an important question regarding the optimal specimen
volume for EID as well as highlighting the importance of volume quality
checks for DBS specimens. As specimen volume likely varies with each
DBS spot, and the spot with the greatest volume is routinely tested
first, there is the possibility that repeat testing is performed on inade-
quate specimen volumes thereby increasing the likelihood of irrepro-
ducible positive results. Although, this association can also be seen for
the CAP/CTM Qual v2.0 assay, it was not found to be statistically signif-
icant using an adjusted model, albeit where the majority of registered
tests were of unknown specimen type. Other potential reasons of dis-
cordant and false-negative results include primer and probe-template
mismatches which, although considered rare, can be controlled for by
using alternate assays especially in cases where the clinical picture is
not in keeping with the laboratory result. (Oladokun et al., 2015)
Importantly, on account of low-level viremia and loss of detectability
described among HIV-infected infants exposed to antiretroviral prophy-
laxis, (Burgard et al., 2012; Connolly et al., 2013; Haeri Mazanderani et
al, 2014; King et al., 2015; Lilian et al., 2012; Nielsen-Saines et al., 2012)
it is not possible to exclude HIV-1 infection among infants with negative
follow-up tests. Indeed, declining baseline viremia and escalating loss of
detectability among HIV-infected infants have been described within
South Africa's EID program and have been associated with more intensive
ART prophylaxis. (Haeri Mazanderani et al., 2018) This phenomenon
could possibly account for infants who receive an instrument-positive re-
sult associated with a high Ct value but test negative on subsequent test-
ing only to test HIV-1 positive again thereafter. Hence, all infants with an
HIV-1 PCR positive result, irrespective of Ct value and subsequent test re-
sult, require close follow-up and repeat testing. This is especially impor-
tant post-cessation of ART exposure, although the optimal time-points
for testing and the length of time required for monitoring are currently
unknown. (Haeri Mazanderani et al., 2016; Sutcliffe et al., 2015)
Although a previous study found that patients who tested HIV-1 PCR
positive with high Ct and/ or low RFI values were more likely to have a
negative result on subsequent sampling, testing was performed using
the previous version of the CAP/CTM Qual assay and results of retesting
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of the initial specimen were not provided. (Maritz et al., 2014) Our find-
ings suggest that on the current CAP/CTM Qual v2.0 assay, Ct value alone
was significantly associated with an irreproducible HIV-1 PCR result and
that infants with an irreproducible positive result tested negative on
subsequent testing in almost all cases. However, reproducibility of spec-
imens yielding an instrument-positive result, and not Ct value, was
found to be the most accurate predictor in determining the subsequent
test result. Although there were few reproducible instrument-positive
results associated with a high Ct value (among specimens with a Ct
>32.0 only 18.5% were reproducible), these were associated with a de-
tected virological result on subsequent testing in >80% of cases. Hence,
although Ct value can be used to predict the likelihood of a specimen
yielding an irreproducible positive result, and therefore predict the like-
lihood of the patient testing negative on a subsequent specimen, repeat
testing of all specimens with an instrument-positive result will likely
provide a more accurate means of determining the probability that a pa-
tient will be infected. We therefore recommend, that all specimens as-
sociated with an HIV-1 PCR instrument-positive result be repeated
and that reproducible positive results, irrespective of Ct value, should
be verified as positive and irreproducible positive results verified as in-
determinate. However, where resources do not allow for repeat testing
of all positive results, repeat testing those specimens with a high Ct
value or applying Ct criteria to identify samples likely to be irreproduc-
ible, and verifying such results as indeterminate, represent acceptable
alternatives. Our findings suggest that the vast majority of reproducible
instrument-positive results (98.4%) had a Ct of <33.0 using CAP/CTM
Qual v2.0. By employing this cut-off to define HIV-1 PCR indeterminacy
(i.e. instrument-positive results with Ct 233.0 verified as indetermi-
nate), the number of indeterminate results with the South African pub-
lic sector would be reduced by 30%, compared with current criteria.
Furthermore, implementing such a practice throughout South Africa's
public health sector would simplify the verification process and reduce
the burden of infants with an uncertain HIV-1 diagnosis who require
close monitoring and follow-up testing.

A number of important limitations need to be considered with
regards to the above findings. Although all available instrument data
from 2010 to 2015 were used, this comprised only 53% of test results
during this period. As instrument data is obtained by the manufacturer
from the testing laboratories on an ad-hoc basis, not all EID laboratories
were represented with only five out of nine facilities contributing to-
wards CAP/CTM Qual v2.0 data. Furthermore, on account of variable lab-
oratory testing practice, a single laboratory comprised two-thirds of the
specimens that were repeat tested using the CAP/CTM Qual v2.0 assay.
As routine laboratory data were used there are inevitable issues sur-
rounding data quality, such as incomplete data entry regarding speci-
men type which may have influenced findings from the logistic
regression analysis. In the absence of a unique patient identification sys-
tem within South Africa’s public health sector, an automated patient-
linking algorithm was used. This algorithm utilizes probabilistic
matching of patient demographics based on first name, surname and
date of birth and is invariably associated with some missed results and
occasional incorrect matching of subsequent tests.

In summary, a considerable proportion of specimens that initially
tested HIV-1 PCR positive yielded irreproducible results after repeat
testing. These results were associated with high Ct values on initial
testing, with a Ct cut-off of <33.0 correctly differentiating reproduc-
ible from irreproducible positive results in 96.8% of cases using CAP/
CTM Qual v2.0. Although the vast majority of infants with an irrepro-
ducible positive result were PCR negative on follow-up testing, it is
not possible to exclude HIV-1 infection in these cases on account of
the potential for loss of detectability secondary to ART exposure.
Where resources permit we recommend repeat testing all specimens
which yield an HIV-1 PCR instrument-positive result, with all repro-
ducible results verified as positive and irreproducible results verified
as indeterminate. In settings where this is not feasible, repeat testing
only those instrument-positive results with high Ct values (e.g. Ct

ic Microbiology and Infectious Disease 91 (2018) 248-255

>30.0) or applying Ct criteria (e.g. Ct 233.0) to identify samples
likely to be irreproducible, and verifying such results as indetermi-
nate, represent acceptable alternatives. Importantly, criteria differ-
entiating clearly positive from indeterminate results need to be
maintained within EID services and infants with indeterminate re-
sults closely monitored and final HIV status determined.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.diagmicrobio.2018.02.019.
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Supplementary Table 1. Ct, RFls and indeterminate rate among instrument-positive

results for infants <6 months of age

CAP/CTM CAP/CTM v2.0
Age group RFI Ct % Ind of % Ind of RFI Ct % Ind of % Ind of
Median Median instrument- | Total Median Median instrument- | Total
(IQR) (IQR) positive (IQR) (IQR) positive
<1 9.4 (6.3- 25.9 (23.1- 17.5% 0.78% 7.9 (4.7- 27.0 (23.5- 27.3% 0.78%
11.5) 30.2) 9.9) 31.0)
1-<2 10.3(7.4- | 25.3(23.1- 15.9% 0.39% 9.3 (5.7- 23.7 (21.4- 22.6% 0.54%
11.8) 28.7) 10.9) 29.7)
2-<3 10.8 (8.4- | 24.1 (22.0- 10.7% 0.65% 9.9 (7.8- 22.4 (20.4- 13.0% 0.73%
11.9) 26.8) 11.1) 25.4)
3-<4 11.0(8.7- | 23.4 (21.4- 10.0% 0.87% 10.0(8.3- | 21.7 (19.7- 11.3% 0.90%
12.0) 26.0) 11.1) 24.8)
4-<5 11.0(8.5- | 23.6 (21.8- 9.4% 0.76% 10.0(7.9- | 21.6 (19.9- 12.7% 0.89%
12.0) 26.3) 11.1) 25.0)
5-<6 10.9(8.5- | 24.0 (21.9- 9.5% 0.81% 10.0(8.3- | 21.9 (20.4- 10.2% 0.71%
11.9) 26.5) 11.2) 24.4)

CAP/CTM, COBAS® AmpliPrep/COBAS® TagMan (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

CAP/CTM CAP/CTM v2.0
Sample Percentage Sample Percentage
Testing Lab P Irreproducible | repeated that P Irreproducible | repeated that
Number 0 Number 0
(%) Number (%) ~ Wwere (%) Number (%) ~ were
irreproducible irreproducible
CMJAH 91 359 (10.6%) 4.4% 163 79 (40.9%) 48.5%
(29.4%) ' ' (11.5%) ' '
326 0, 0, 0, 0, 0,
GSH (12.1%) 10 (3.0%) 3.1% 123 (8.6%) 1 (0.5%) 0.8%
528 0, 0, 0, 0, 0,
CHBAH (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%
412 0 0 969 0 0
Tshwane (15.29%) 141 (42.6%) 34.2% (68.1%) 81 (42.0%) 8.4%
Tygerberg 9 (0.3%) 5 (1.5%) 55.6% 4 (0.3%) 0 0.0%
Dora 0, 0 0 0, 0,
Nginza 27 (1.0%) 8 (2.4%) 29.6% 0 (0.0%) 0 0.0%
i I 270 0, 0 0, 0,
Universitas (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® TagMan (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]. Inutero 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; 70ul 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 1C50) 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 ul of deuterated internal standard
was added to 25 pl of plasma which was then extracted with 200 pl of acetonitrile for protein
precipitation. Samples were vortexed vigorously and then centrifuged for 10 minutes at 14000 RPM. 2
ul 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 Daily NVP; n (%) 69 (99%) 64 (91%) 12 (33%) 3 (9%)
prophylaxis  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 EBF; n (%) 68 (97%) 53 (76%) 29 (80%) 24 (69%)
feeding 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 Yes; n (%) 70 (100%) 67 (96%) 26 (72%) 29 (74%)
taking cART  No; n (%) 0 3 (4%) 2 (6%) 3 (9%)

Unknown; n (%) 0 0 8 (22%) 3(17%)
Maternal EFV-based; n (%) 66/70 (94%) 62/67 (93%) 25/26 (96%) 27/29 (93%)
CART NVP-based; n (%) 4/70 (6%) 5/67 (7%) 1/26 (4%) 2/29 (7%)
regimen 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.
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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 NNRT] 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).
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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).
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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 NVVP-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.
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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 NNRT]I 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.1%

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 logio
RNA decrease in viral load (95% ClI: -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 logio 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.

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 I

—

Indeterminate result =
not positive
BUT not negative

Check for prior
HIV PCR and VL
results

Treat infant as Repeat HIV PCR
HIV-infected AND HIV VL urgently

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.

Further HIV PCR
testing as per
PMTCT Guidelines

POS, positive; IND, indeterminate; NEG, negative; PCR, polymerase chain reaction; VL, viral load; cART, combination
antiretroviral therapy
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