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Measurement of HIV-1 Viral Load for Drug Resistance
Surveillance using Dried Blood Spots: Literature Review
and Modeling of Contribution of DNA and RNA
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Diagnostic tests that can be used for monitoring of
HIV-1 infection, whether for public health or individual

Abstract

World Health Organization-recommended surveys of acquired HIV-1 drug resistance include assessment
of HIV-1 viral load suppression to levels below 1,000 copies/ml and drug resistance-associated mutation
patterns in subjects on antiretroviral therapy. Surveys are being conducted in regions of the world
that cannot support the collection, storage, and shipping of frozen plasma. Therefore, dried blood
spots are often the specimen type of choice for both genotyping and viral load measurement.
Furthermore, viral load testing for individual patient management in these regions is being scaled-up
in accordance with WHO 2013 Guidelines for Antiretroviral Treatment. Technical issues related to the
adaptation of viral load assays to dried blood spots, especially with respect to sensitivity (limit of
detection), specificity (cell-free RNA vs. cell-associated DNA or RNA), and assay method, affect the
interpretation of a viral load result from dried blood spots. Amongst published studies of commercial
assay performance with dried blood spots, the bioMérieux EasyQ® and Abbott RealTime assays tended
to show high (> 90%) specificity and sensitivity; the Biocentric Generic or Roche TagMan® assays
tended to show high sensitivity but lower specificity, using a 1,000 copies/ml threshold. The relative
contribution of cell-associated DNA or RNA to a viral load measurement is likely to vary between
patients, depending on clinical parameters and treatment status. A model was developed that predicts
that in patients on antiretroviral therapy with low plasma viral load, cellular DNA is the predominant
source of non-plasma virus-derived nucleic acid in dried blood spots. The extent of viral load over-
estimation from dried blood spots becomes less important when plasma viral load is over about
5,000 copies/ml. To avoid misclassifying subjects with plasma viral load suppression, the World Health
Organization-recommended threshold of 1,000 copies/ml can be applied only when an assay that can
distinguish between DNA and RNA is used (e.g. bioMérieux EasyQ® or Abbott RealTime). There is a
need for additional affordable technologies with the ability to discriminate between cell-free (plasma)
and cell-associated nucleic acids. (AIDS Rev. 2014;16:160-71)
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patient management purposes, are becoming increas-
ingly used in resource-limited settings in spite of the
many challenges in implementation'®. In many of these
settings, appropriate use and interpretation of results
from diagnostic tests are subject to factors that may not
have been considered during the initial development
of the assay technology, such as specimen collection,
processing, shipping and storage challenges, or viral
sequence diversity.

World Health Organization (WHO) surveys of HIV-1
acquired drug resistance include measurement of HIV-1
viral load (VL) at prescribed times after the initiation of
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Figure 1. Nucleic acid copy number measurement from dried blood spots. The extent to which DNA and RNA will contribute to the signal
in a viral load assay is dependent on the selectivity of the extraction method (top: non-selective; bottom: selective for RNA) and the
specificity of the detection method used (real-time PCR is non-specific, NASBA is specific for RNA).

NASBA: nucleic acid sequence based amplification.

antiretroviral therapy (ART)78. The proportion of pa-
tients with plasma VL < 1,000 copies/ml at 12 months
or longer after ART initiation is a key outcome measured
as part of acquired drug resistance surveys, and patients
with VL below this level are categorized as having drug
resistance prevention. Specimens with VL > 1,000 cop-
ies/ml are genotyped to assess drug resistance preva-
lence and patterns. Surveys are being conducted in
regions that cannot support the collection, storage, and
shipping of frozen plasma. Therefore, dried blood spots
(DBS) are often the specimen type of choice for both
genotyping and VL testing. Furthermore, WHO 2013
Guidelines for Antiretroviral Treatment® recommend the
use of VL for individual patient management, and it is
anticipated that DBS will be the specimen of choice in
many settings scaling up VL testing.

Viral load assays have been developed with plasma
as the default specimen type. There are specific tech-
nical issues related to their adaptation to DBS, with
respect to sensitivity (limit of detection or quantitation),
specificity (potential for contribution by cellular nucleic
acids), and accuracy (degree of agreement with plas-
ma). The interpretation of a VL result from DBS may
therefore not be the same as for plasma’%-'3,

Reduced sensitivity of VL test results from DBS com-
pared to plasma, or the proportion of specimens with

detectable HIV RNA in plasma that are also detectable
in DBS, is caused by (i) reduced input copy number from
DBS related to limitations on the volume of blood per DBS
(50 to 75 pl) and number of DBS (usually not more than
two) that can be subjected to nucleic acid extraction, (ii)
reduced efficiency of nucleic acid (NA) extraction, and
(iii) the presence of interfering substances in DBS (e.g.
hemoglobin) that can inhibit amplification or detection.
Reduced specificity of VL test results from DBS com-
pared to plasma, or the proportion of specimens with
undetectable HIV RNA in plasma that are also undetect-
able in DBS, can result from HIV-1 NA present in the DBS
that are not present in plasma, i.e. present in the cellular
compartment of the blood. Cell-associated NA may be
in the form of proviral or unintegrated DNA, transcribed
RNA, or viral RNA in particles bound to cells. The relative
contribution of these types of NA is likely to vary between
patients, depending on clinical parameters and treat-
ment status (see below). The degree to which DNA can
impact the final VL result will depend on how much DNA
is present in the extracted NA, and by the detection
technology used to measure copy number (Fig. 1). It is
important to distinguish this definition of specificity from
that used when assessing the performance of an assay
to correctly diagnose HIV infection in a set of specimens
that includes truly HIV-negative ones (e.g. for early infant
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diagnosis). In addition, the use of plasma VL as the
gold standard assumes that there is no advantage, in
the setting of WHO HIV drug resistance (HIVDR) sur-
veys, of capturing cellular RNA levels as part of the VL
measurement (for example, cellular RNA transcription
increases beyond a threshold before plasma virus
levels become detectable, giving an early warning of
treatment failure)'™. Maximum specificity is important for
defining treatment failure so that inappropriate switch-
ing to second-line regimens (which are significantly more
expensive and toxic) is avoided.

The main objectives of this review are to describe
the different VL assay technologies currently available,
focusing on specificity and sensitivity when DBS are
used compared to plasma, and to identify which assays
can be adapted to testing of VL in DBS for the purpose
of defining treatment failure in the context of WHO sur-
veys of acquired drug resistance. The potential impact
that these issues may have on the implementation of
routine VL monitoring for patients on ART in areas where
DBS are likely to be used is also discussed.

Two important reports related to this work were released
in 2013 and serve as background and reference material
for this review.

— The UNITAID diagnostics technology landscape re-
port (39 edition, June 2013) includes a description
of CD4, VL, and early infant diagnosis testing tech-
nologies that use both laboratory-based and/or point-
of-care platforms and that were available at the time
of the report preparation and anticipated to be avail-
able in the near future. This report extensively covers
assay features such as capacity, turnaround time,
specimen requirements, cost (instrument and re-
agents), physical characteristics, electrical power,
personnel training, and maintenance requirements.
Therefore these features will not be further dealt with
here. The report can be accessed here: http://www.
unitaid.eufimages/marketdynamics/publications/UNI-
TAID-HIV_Diagnostic_Landscape-3rd_edition.pdf

— Médecins Sans Frontiéres produced a report entitled
“Putting HIV treatment to the test: a Product guide
for Viral load and Point-of-care CD4 diagnostic tools”
in July 2013. In addition to many of the features
contained in the UNITAID report, this report also
includes some information about technical assay
performance (linear range, amplified target, subtype
coverage, etc). Since it focused on assays that
are already available, the assays included in this
report are not exactly the same as in the UNITAID
report. The report can be accessed here: http://
www.msfaccess.org/sites/default/files/HIV_Report_

VL_ENG_2013_0.pdf. An update to this document
has recently been published (http://www.unitaid.
eu/images/marketdynamics/publications/UNITAID-
HIV_Diagnostic_Landscape-4th_edition.pdf).
In addition to these reports, several review articles
published recently serve as additional background and
useful sources of information®-13.15.18,

Viral load assay technologies

Commercially available assays for measurement of
HIV-1 VL are listed in table 1. The performance of the
Abbott RealTime HIV"?% bioMérieux EasyQ®!725-33
Biocentric Generic?®3+40 Roche TagMan®20.29.324142
and Siemens kPCR*3 assays with DBS has been at least
minimally characterized and published. While other as
yet not commercially available assays could theoreti-
cally be adapted to DBS, since no information is avail-
able from the manufacturer regarding performance with
DBS, they will not be considered further in this review.
It should be noted that for several assays that are de-
signed to be point-of-care tools (e.g. Alere Q, LYNX,
Liat*, Truelab, and EOSCAPE), which could be de-
ployed in more rudimentary diagnostic facilities or close
to the patient and thus obviate the need for specimen
transport, using DBS as a specimen type offers no
advantage over a fresh blood sample (finger or heel
prick or venous blood). Therefore these assay manufac-
turers would have little motivation to investigate the use
of DBS with their platforms. Nonetheless, issues regard-
ing specificity discussed below will also apply to any
assay that uses whole blood instead of plasma as the
specimen type used for NA extraction (e.g. Alere Q).

The information summarized in table 1 indicates that
only EasyQ® (bioMérieux) and RealTime HIV-1 (m2000)
(Abbott Molecular) incorporate methods that are spe-
cific or at least selective for RNA, a feature that may
be required for assessing treatment failure at a cut off
of 1,000 copies/ml (see DBS-specific technical issues).

Dried blood spot-specific technical issues

The following technical issues should be considered
when using DBS as a specimen type for HIV-1 VL testing:

Sensitivity: Volume limitations restrict
input copy number

The volume of blood used to prepare DBS is most
often 50 to 75 pl. If two 75 pl spots are used for NA
extraction, and if the hematocrit is 45%, the starting
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Table 1. Commercially available assays for HIV-1 viral load

Assay (manufacturer) Nucleic acid Detection method LOQ plasma LOQ DBS
extraction specificity specificity (copies/ml) (copies/ml)
artus Hl Virus-1 RG Total NA Real-time PCR 60 Unknown
RT-PCR Kit (Qiagen) (non-specific)
COBAS TagMan® 2.0 Magnetic glass Real-time PCR, dual 20 400"
(Roche Molecular) particle purification probe (non-specific)
(total NA)
EasyQ® (bioMérieux) Boom method NASBA 25 800%
(total NA) (RNA specific)
Generic HIV Charge Qiagen extraction Real-time PCR 188-300 ~740-5,000f
Virale (Biocentric) (total NA) (non-specific)
RealTime HIV-1 (m2000) Iron oxide Real-time PCR 40 ~500-800*
(Abbott Molecular) microparticle capture (non-specific)
(RNA selective)
VERSANT HIV-1 RNA 1.0 Total NA Kinetic PCR 37 86670
Assay (kPCR) (Siemens) (Tagman)
VERSANT HIV-1 RNA 3.0 Total NA Branched DNA 50 Unknown
Assay (bDNA) (Siemens) signal amplification
ExaVir Load (Cavidi) Not applicable Colorimetric RT 200 Unknown$

activity assay

*Paul Baum (Roche Molecular), personal communication.

TEstimated from several publications based on VL above which > 95% of specimens could be quantitated®-4.

*Gavin Cloherty (Abbott Molecular), personal communication.
SSignificant loss of RT activity compared to plasma.

LOQ: limit of quantification; DBS: dried blood spot; NA: nucleic acid; PCR: polymerase chain reaction; NASBA: nucleic acid sequence based amplification; RT: reverse transcriptase.

material of 150 pl of blood would contain 82.5 pl of
plasma. Standard VL quantitation using plasma can
use up to 1 ml of plasma. In this situation, the sen-
sitivity using DBS would be expected to be at least
12 times lower, based only on volume of starting mate-
rial (i.e. if the plasma limit of detection is 40 copies/ml,
using DBS it would be 480 copies/ml). Other differences
such as the efficiency of NA extraction from DBS and
the presence of interfering substances in DBS may
further limit sensitivity. Therefore it is highly unlikely that
the limit of detection for DBS will be < 500 copies/ml,
and is more likely to be around 1,000 copies/ml. In
most cases, increasing sensitivity will be at the ex-
pense of specificity; however, the resulting reduced
sensitivity may not limit applications in resource-limited
settings since current WHO guidelines recommend the
use of a threshold of 1,000 copies/ml to define treatment
failure?®.

Specificity: Nucleic acid in or attached
to cells or platelets

Viral load assays, and the interpretation of their re-
sults (especially the implications of a result above or

below the limit of detection), are intended to apply to
RNA in virus particles in plasma. However, when using
whole blood (in liquid or dried form), amplifiable viral
NA can be present as RNA or DNA in cells (i.e. reverse
transcribed DNA, integrated proviral DNA, and tran-
scribed viral RNA, either spliced or unspliced) or as
RNA in virus particles that are attached to solid com-
ponents in blood such as platelets*®>*”. Depending on
the total amount of NA present in these compartments
relative to viral RNA in plasma, and on the extraction/
amplification procedure of the assay, the VL result from
DBS can be higher than the corresponding value ob-
tained from plasma (Fig. 1). This effect would be ex-
pected to be most prominent at low or undetectable
levels of plasma RNA, since decay of NA in latently
infected cells is slower than that of plasma virus. In
extreme cases, when viral RNA is suppressed to levels
below the limit of detection of the assay in plasma, this
can result in a “false positive” result from DBS since
proviral DNA and spliced RNA may continue to be
detectable in latently infected T-cells. This can contrib-
ute to low specificity and lead to misclassification of
patients with suppressed plasma virus as experiencing
treatment failure.
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Special handling, storage, contamination
and biosafety concerns

Although they do not require a cold chain for storage
and transport, DBS must be carefully prepared and
dried at the site of collection, then stored and trans-
ported desiccated to avoid degradation of RNA. Once
dried and when desiccated, viral NA is stable in DBS
for several weeks, but DBS should be frozen if longer
storage is required’" 2, Care must be taken to prevent
contact between individual DBS cards prepared from
different patients during handling, storage, and trans-
port, which could lead to cross-contamination. Instru-
ments used to excise DBS must be cleaned between
specimens to avoid carry-over contamination. Sharps
should be avoided when cutting out DBS for NA extrac-
tion, for example through the use of a hole-punch?.

Venous versus capillary blood

Most controlled studies of VL measurement from DBS
compared to plasma use DBS prepared from EDTA-
anti-coagulated blood collected by venipuncture (ve-
nous blood). Although some rural facilities are equipped
to collect venous blood and are staffed with qualified
phlebotomists, in others this is not the case, and DBS
are prepared via finger-prick or heel-stick instead
(capillary blood). These two types of DBS are almost
certainly not equivalent in terms of performance in down-
stream testing applications since there it is likely that
there will be more variability in volume spotted and pres-
ence of interfering or diluting fluids in capillary blood. In
a field study of the use of DBS for HIVDR genotyping,
amplification success was lower for finger-prick DBS
compared to venous blood DBS stored and shipped in
parallel®. Three recent reports indicate that VL mea-
surements may be more forgiving, however335:51,

A real-world example of how assay type
can influence viral load results

As part of a recent (2012) WHO pilot study of ac-
quired drug resistance, DBS specimens from 30 Afri-
can patients on first line ART consisting of a nonnucle-
oside reverse transcriptase inhibitor (NNRTI) and two
nucleoside reverse transcriptase inhibitors (NRTI) for
12-24 months were collected. Dried blood spots were
prepared in-country, then shipped to the WHO HIVDR
Network Laboratory at the Institut de Recherche pour le
Développement (IRD), Montpellier, France, for VL test-
ing and genotyping. The DBS were stored desiccated

at -20°C until tested. Viral load was first tested with the
Biocentric Generic assay. Of the 30 results, only 16
(53%) were < 1,000 copies/ml, and only seven (23%)
were below the limit of detection, a much lower rate of
VL suppression than would be expected based on
experience with the same ART regimen in both devel-
oped countries and resource-limited settings®. Because
of concern about the potential contribution of DNA to
the result when viral RNA levels are low, the VL assays
were repeated using the bioMérieux EasyQ® assay
several weeks later. With this assay, 29 (97%) results
were < 1,000 copies/ml, and 25 (83%) were below the
limit of detection. Of the results below the limit of detec-
tion with EasyQ® but detectable with Biocentric, the
range obtained with the Biocentric assay was 267 to
5,390 copies/ml. Since the main difference between
these two assays is that the EasyQ® assay only detects
RNA, it is clear that the major contributor towards el-
evated VL results in this setting using the Biocentric
assay is DNA. Cellular RNA, if present, must only make
a minor and in effect negligible contribution in DBS
from these patients.

Modeling of viral RNA, cellular RNA,
and cellular DNA copy number

There are many factors that affect the relative abun-
dance of RNA in free virus particles (VRNA), RNA in
virus particles associated with solid blood components
(e.g. platelets), messenger RNA (mRNA) transcribed
in cells, and proviral DNA. Some of these factors are
likely to be variable between patients, and are listed
below along with a short description of what is known
about them in the context of ART treatment.

Plasma HIV-1 virus concentration

This is directly correlated to input copy number derived
from viral RNA, and represents the gold standard for
assessing treatment response; it is reduced to unde-
tectable levels when ART is successful. Conversely,
ART failure is indicated by the return of plasma virus
RNA following suppression, or by a failure to reach
undetectable levels after a specified duration of treat-
ment (e.g. 6 or 12 months).

CD4 count

The quantity of these cells and the proportion that
are infected will influence the proviral DNA and cellular
RNA copy number in a blood specimen. In situations
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where essentially all infected cells are CD4-positive,
such as during ART®3, CD4-positive cells are the only
significant source of cellular HIV DNA and RNA.

DNA copy number in cells

This is determined by the CD4 count (in ART-sup-
pressed patients) and the proportion of these cells that
are infected. In the literature, DNA copy number is
usually reported as copies per million peripheral blood
mononuclear cells (PBMC). The CD4-positive cells
typically make up about 40% of PBMC in a healthy
individual, but decreases when CD4 cell counts are lower.
The DNA copy number in untreated patients can vary
between 100 to 10,000 copies per million PBMC53-%8,
decreasing gradually by 0.5 to 1 log,, over time when
viral RNA in plasma is undetectable; in chronically in-
fected, ART-treated patients, DNA copy number has been
reported to be between 100 and about 2,000 copies/
million PBMC55:56:58-60,

Cell-associated virus particles

HIV-1 is known to adhere to certain solid compo-
nents in the blood, including platelets. However, the
proportion of extracellular virus particles that are cell-
associated is negligible when plasma HIV RNA is
undetectable, such as when it is suppressed by suc-
cessful ART®381,

Intracellular (transcribed) RNA in cells

Multiple forms of transcribed RNA (unspliced and
multiple spliced variants) can be present in cells where
HIV is actively replicating. Infected CD4 cells must be
in an activated state in order for transcription to con-
tinue at an appreciable level. The splicing pattern may
affect whether or not the RNA will be detected by a
given VL assay (for example, assays that target gag or
pol will only detect unspliced RNA, whereas those that
target the long terminal repeats will also detect spliced
RNA). In chronically infected patients successfully
treated with ART, activated, infected cells are cleared
during second-phase decay. Latently infected cells
produce low levels of unspliced RNA, typically 10 to
several hundred copies per million PBMC5356:57.60,

In addition to these patient-specific variables, input
copy number from all sources of NA will be affected by
extraction efficiency, proportion of extracted material
used in reverse transcription (RT) and/or DNA amplifi-
cation steps, and for RNA, the efficiency of conversion

to cDNA in the RT reaction. Reliable estimates of NA
extraction and RT efficiency are not readily available,
but are generally thought to be not higher than about
50%. It is important to note that there is considerable
inter-patient variability in DNA and RNA copy number,
even in relatively homogeneous cohorts and specific
T-cell subsets.

A model can be built that uses this information to
predict the copy number that is eventually included in
a VL assay amplification reaction. For example, con-
sider a patient with plasma VL of 200 copies/ml and
CD4 count of 400 cells/ul. If the DBS are made using
75 pl of blood, two spots are used for the extraction,
the hematocrit is 45% (i.e. plasma volume 55% of
blood), 50% of the NA (DNA and RNA equivalently) in
the spot are eluted, 40% of the extracted NA are used
in the RT reaction, and the RT efficiency is 40%, then
the calculated copy number from viral RNA in the am-
plification reaction is equal to 200 copies/ml x 0.15 mi
x 55% x 50% x 40% x 40% = 1.3 copies. The copy
number from proviral DNA, assuming that there are
200 DNA copies per million PBMC, and CD4-positive
cells comprise 35% of the PBMC, would be 400 cells/
ulf35% x 150 pl x 200 copies/10° cells x 50% x 40%
= 6.9 copies. The copy number from cellular RNA, as-
suming that there are 100 RNA copies per million PBMC,
and CD4-positive cells comprise 35% of the PBMC, and
the amplification target is present in all RNA is 400 cells/
ulf35% x 150 pl x 100 copies/10° cells x 50% x 40%
x 40% = 1.4 copies. In this scenario, the total input
copy number (9.5) is about sevenfold higher than that
from the viral RNA only, which would result in a seven-
fold overestimation of the plasma viral load.

To illustrate how various combinations of plasma VL
and CD4 counts can influence the relative contribution
of viral RNA, cellular DNA, and cellular RNA to the
input into the amplification/detection reaction of a VL
assay, six different combinations of variables were
modeled; the assumptions and predicted results are
shown in table 2. A range of plasma VL was selected
between 10, or essentially undetectable, and 50,000 cop-
ies/ml. As VL was increased, the CD4 count and CD4
percentage of PBMC were decreased from 500 cells/ul
(40%) to 200 cells/ul (25%). The DNA copies per million
PBMC were increased from 100 to 500 since it is
expected that proviral DNA synthesis and new target
cell infection would increase with viral replication. Simi-
larly, intracellular RNA copy number was increased
from 50 to 1,000 copies per million PBMC. No changes
were made to the hematocrit, NA extraction efficiency,
or RT efficiency across these scenarios. It was also
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Table 2. Modeling of RNA and DNA-derived polymerase chain reaction input copy number

Assumptions

Plasma RNA (copies/ml) 10 40 200 1,000 5,000 50,000
CD4 (count cells/ul) 500 450 400 350 300 200
DNA copy number (per million PBMC) 100 150 200 250 300 500
RNA transcripts (per million PBMC) 50 75 100 200 300 1,000
PBMC that are CD4+ (%) 40% 38% 35% 33% 30% 25%
Predictions

PCR input copy number from viral RNA 0.1 0.3 1.3 6.6 33 330
PCR input copy number from cellular RNA 0.8 11 14 25 3.6 9.6
PCR input copy number from total RNA 0.8 1.3 2.7 9.1 37 340
PCR input copy number from DNA 38 53 6.9 8.0 9.0 12
Total input copy number 4.6 6.7 9.5 17 46 352
Total copies/ml plasma (calculated) 692 1,009 1,447 2,591 6,909 53,273
Calculated: actual (plasma) ratio 69 25 7.2 2.6 1.4 1.1

PBMC: peripheral blood mononuclear cell; PCR: polymerase chain reaction.

assumed that 100% of cDNA synthesized in the RT
reaction was used for amplification and that 100% of
RNA transcripts contain the target for amplification.
Based on these assumptions, at VL below approxi-
mately 800 copies/ml there is more DNA than RNA
in the NA extracted from DBS. The calculated VL
becomes less than twofold overestimated at a VL of
approximately 1,700 copies/ml, and less than 1.5-fold
(i.e. 50%) overestimated at 3,800 copies/ml. Figure 2
depicts the predictions of the model in graphical form;
it clearly shows the danger of false positive and sig-
nificantly overestimated VL results from DBS when
DNA, and to a lesser extent cellular RNA, contribute to
the NA extract and signal detection of the assay when
plasma VL is low.

The estimated input copy number from each source
predicted by this model is clearly strongly dependent
on multiple variables (some of which may not be in-
cluded here), and the expected range of values for
each variable is such that a different result can be
obtained for any individual patient. The results in table
2 are based on approximate average values taken from
published articles that included chronically infected
patients treated with highly active ART (NNRTI or boost-
ed protease inhibitor-based regimens) with low or sup-
pressed (undetectable) plasma VL. Experimental data
generated under conditions that are most similar to
those of interest should be relied upon more strongly
when available.

Literature review

The literature review was based on a PubMed search
for “HIV viral load dried blood” performed in June
2014, which returned 107 results. Publications that
contained comparison of quantitative VL data from
DBS and paired plasma specimens using one or more
VL assay were included (n = 32 of 107). Two addi-
tional publications and one conference poster presen-
tation were also included (n = 35). The publications
included in the literature review are listed in Supple-
mental Data Table 1. The year of publication ranged from
1998 to 2014. Most (29 of 35) are from 2009 or later.
Some publications reported results from more than one
assay type. Most (32) articles used venous blood to
prepare DBS, while three also included DBS prepared
from finger-prick33°051, Table 3 displays the number of
comparative data sets (DBS vs. plasma) for the differ-
ent assay types according to patient ART status.

Features salient to the application of VL testing to
DBS specimens are tabulated in Supplemental Data
Table 1. It should be noted that in some cases it was
not possible to abstract precise quantitative information
from these publications, and so in these cases approx-
imations were made (for example, by counting data
points on a scatter plot). In addition, thresholds used to
calculate sensitivity and specificity were not always iden-
tical, and correction of VL results based on hematocrit
was inconsistently implemented between publications.
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Figure 2. Estimated copy number as input to the viral load assay amplification/detection reaction derived from DNA or RNA. The copy
number derived from the three different sources (viral RNA from plasma as a dotted line, cellular RNA as a dotted/dashed line, cellular
DNA as a dashed line), as well as total RNA (solid line), is shown as a function of plasma viral load. See table 2 for details.

In WHO surveys of acquired drug resistance, the
vast majority of the patient populations included will
have been treated with NNRTI-based regimens for at
least one year. Therefore, the publications that are
most relevant to the WHO acquired drug-resistance
surveys are those that include the majority of patients
on ART, a large proportion of which have low or un-
detectable RNA in plasma. Amongst the eight studies
that include results from a group of patients who were
all on ART, five used EasyQ®®2%-31.33 two used Bio-
centric®2°, two used RealTime HIV?55" and one used
a combination of extraction using a Primagen kit fol-
lowed by detection using Roche TagMan®® (one of
these studies used RealTime HIV, EasyQ® and Bio-
centric). These and nine other studies involving
specimens from a group of patients at least some of
whom were on ART are summarized in table 4.
Amongst these 19 publications that reported data in
a format that allowed an analysis using a threshold
of 1,000 copies/ml, without regard to the ART status of
the patients included, the different assays could be
categorized based on allowing a specificity or sen-
sitivity of over 90%. Table 5 shows the number of
studies that demonstrated specificity or sensitivity
above or below 90% according to assay type.
Amongst these studies, Abbott RealTime HIV showed
high specificity (5 of 6 studies > 90%) and sensitivity
(6 of 6 studies >90%), whereas EasyQ® tended to
show high specificity (6 of 6 studies > 90%) but

lower sensitivity (5 of 6 < 90%); the reverse was seen
with Roche TagMan® (3 of 4 studies reporting speci-
ficity < 90% and 4 of 4 with sensitivity > 90%) or
Biocentric (3 of 3 studies reporting specificity < 90%
and sensitivity > 90%).

One potential solution to the problem of low specific-
ity is treatment of extracted NA from DBS with DNAse.
This has been tested in two studies. Monleau, et al.%
studied the effect of DNAse treatment in 22 DBS and
compared the results to matched dried plasma speci-
mens. Results indicated that the observed overestima-
tion of VL in DBS compared to plasma (which was not
seen with dried plasma spots) was eliminated by DN-
Ase treatment. Viljoen, et al.®® performed VL testing on
13 patients (2-4 time points per patient) using plasma,
DBS, or DNAse-treated DBS. Using a threshold of
1,000 copies/ml, DNAse treatment eliminated 15 of 17
false positive results from DBS. While promising, the
efficient removal of contaminating DNA by DNAse
treatment may be difficult to achieve reproducibly, and
its presence may interfere with downstream steps of
the assay unless it is inactivated. Other methods to
prevent the introduction of cell-associated NA into the
amplification/detection reaction, such as virus particle
elution from DBS prior to extraction, are being devel-
oped by VL assay manufacturers (Robert Luo and Paul
Baum, Roche Diagnostics, personal communication).
Other methods that separate plasma from solid ele-
ments in blood® could also be explored.
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Table 3. Publications comparing viral load results from dried blood spots and plasma

Assay used for DBS

Number of articles

All patients Some patients No patients ART status Total
on ART on ART on ART not reported
Abbott RealTime HIV 2 5 0 3 10
bioMérieux EasyQ® or NASBA 5 1 2 4 12
Biocentric Generic 2 2 1 3 8
Roche TagMan 1 3 1 0 5
Siemens kPCR 0 0 0 1 1
Other 0 2 1 2 5
Total 10 13 5 13 41

ART: antiretroviral therapy; DBS: dried blood spot.

Conclusions

Limits of detection using DBS are likely to remain at
least 10-fold higher than with plasma due to input vol-
ume considerations. However, given the high sensitiv-
ity of real-time PCR-based assays, sensitivity using
DBS should be sufficient to support the use of thresh-
olds of ~500 to 1,000 copies/ml, subject to specificity
concerns (see below) and optimized procedures for
extraction of NA from DBS®. Unless specificity prob-
lems for assays that are not specific for RNA are
solved, a higher threshold should be used to avoid
misclassifying patients with good treatment response
(i.e. plasma VL < 1,000 copies/ml) as ART failures. The
precise threshold to be used is likely to be different for
each assay and patient, depending on assay method-
ology and patient factors such as CD4 count, DNA,
and intracellular RNA copy number.

Multiple lines of evidence indicate that in DBS spec-
imens from patients on ART with low or undetectable
plasma VL, the presence of proviral DNA in lympho-
cytes is an important source of NA that can lead to
overestimation or misclassification (false positive) of VL.
Therefore, as long as the threshold for defining treat-
ment success and triggering a genotype test remains
at 1,000 copies/ml, it is strongly recommended that VL
be measured using an assay that is specific or at least
selective for RNA over DNA. Most of the published data
related to RNA specificity (i.e. in populations of patients
all on ART) involve the bioMérieux EasyQ® assay and
indicate that this assay has high specificity. The Abbott
RealTime HIV assay purports to extract RNA preferen-
tially, but few data have been published that directly
demonstrate this in patient populations on ART with low

or undetectable plasma VL; however, two studies did
report both high specificity and sensitivity. Currently, it
can be expected that assays that use a combination of
non-selective NA extraction and detection techniques,
such as those manufactured by Biocentric or Roche, will
give significantly higher VL results compared to plasma
when plasma VL is below about 5,000 copies/ml. Data
are too limited to make recommendations or draw con-
clusions regarding the performance of newer assays
with DBS, especially in the context of ART-treated pa-
tients. As these newer assays become available or be-
come more widely accessible, research studies should
be performed in order to determine their suitability for
measurement of VL from DBS in patients on ART.

To increase the flexibility related to types of assays
to be used for accurate VL measurement from DBS in
successfully treated patients, new methods may be
required that increase the specificity of the test. This
may be achieved by increasing the ability to discrimi-
nate between cell-free (virus in plasma) and cell-asso-
ciated (cellular transcripts and cell-associated virus)
RNA, between RNA and DNA, or both. Examples of
ways to do this include DNAse treatment, RNA-specif-
ic NA extraction or detection, and removal of cellular
components before extraction. The inclusion of a DNAse
treatment of the extracted NA may alleviate this problem,
but this is not currently a standardized step in the
commercially available assays.

As diagnostic assays including VL quantitation become
more widely available in resource-limited settings they will
be used more and more for routine patient management
and treatment decisions, as they are in resource-rich
countries. In particular, VL may soon replace immuno-
logical (CD4 count) and clinical (opportunistic infection
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Table 4. Summary of specificity and sensitivity in published studies of viral load from dried blood spots

Article Assay Paired Patients Plasma VL False Sensitivity Specificity
specimens on ART < 1,000 positive
(n) (%) copies/ml (n) DBS (n)

Arredondo, Abbott 154 30% 26 15 97% 83%

et al? RealTime

David, et al.® Abbott 52 nr* 10 0 100% 100%
RealTime

Mbida, et al.’® Abbott 45 nr 17 0 100% 100%
RealTime

Monleau, Abbott 173 100% 124 9 94% 93%

et al.® RealTime

Neogi, et al.?* Abbott 120 nr 49 0 97% 100%
RealTime

Rutstein, Abbott 149 100% 137 4 100% 97%

et al®' RealTime

Monleau, Biocentric 118 100% 79 31 92% 61%

et al.® Generic

Reigadas, Biocentric 68 20% 15 3 92% 67%

et al%® Generic

Viljoen, et al.® Biocentric 28 100% 21 17 100% 19%
Generic

Fajardo, et al.® bioMérieux 610 100% 508 14 91% 97%
EasyQ®

Mercier-Delarue, bioMérieux 193 nr 97 2 89% 98%

et al 32 EasyQ®

Monleau, bioMérieux 91 100% 24 1 85% 96%

et al.® EasyQ®

Rottinghaus, bioMérieux 173 100% 155 3 78% 98%

et al® EasyQ®

Van Deursen, bioMérieux 224 100% 153 0 80% 100%

et al.% EasyQ®t

Johannessen, bioMérieux 98 100% 61 2 76% 97%

et al.® EasyQ®*

Andreaotti, Roche 129 17% 34 1 96% 97%

et a4 Tagman$

Waters, et al.6? Roche 306 100% 281 65 91% 77%
TagManf

Mercier-Delarue, Roche 196 nr 70 12 97% 83%

et al.® Tagman

Mtapuri- Roche 118 nr 76 57 97% 25%

Zinyowera, et al®®  Tagman

*nr: not reported, but at least some patients on ART.

TResults using a 1,000 copies/ml threshold from Karen Brengel-Pesce, bioMérieux (personal communication).
*bioMérieux EasyQ® assay for dried blood spots, but compared to Roche TagMan or Amplicor in plasma.
SNuclisens kit for NA extraction, Roche TagMan assay for quantitation.

IPrimagen kit for NA extraction, Roche TagMan assay for quantitation; compared to plasma using Roche Amplicor.
ART: antiretroviral threrapy.

diagnosis) parameters as the main source of information  outlined above largely apply to this potential application
used to decide when to switch patients from first to sec-  as well, at least when plasma VL is low (< 5,000 copies/
ond line ART. The issues of sensitivity and specificity ml). For example, false positive VL results from DBS,
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Table 5. Summary of specificity and sensitivity in published studies of viral load from dried blood spots

Number of studies* (range)

Roche Abbott bioMérieux Biocentric Other™
TaqMan® RealTime EasyQ® Generic
Specificity < 90%! 3 1 0 3 1
(25-83%) (83%) (19-67%) (89%)
Specificity > 90% 1 5 6 0 0
(97%) (93-100%) (96-100%)
Sensitivity < 90% 0 0 5 0 0
(76-89%)
Sensitivity > 90% 4 6 1 3 1
(91-97%) (94-100%) (91%) (92-100%) (100%)

*All publications involving at least some patients on antiretroviral therapy, and from which specificity and sensitivity data using a 1,000 copies/ml threshold was reported or

could be abstracted.
fSensitivity and specificity calculated using a threshold of 1,000 copies/ml in plasma.

when plasma VL is undetectable due to the presence
of cell-associated DNA or RNA, could lead to inap-
propriate switching to a second-line regimen. There-
fore, attention must be given to the type of assay used
in this context. In particular, if an assay with low spec-
ificity is used, the threshold used to define treatment
failure must be higher than that used for plasma (for
example, 5,000 instead of 1,000 copies/ml). This ne-
cessitates acceptance of an increased likelihood of not
detecting low-level plasma viremia below this threshold
(between 1,000 and 5,000 copies/ml), such as may
occur at early stages of treatment failure (i.e. as VL is
increasing following previous suppression), with the
potential for development of drug resistance®%°. The
extent to which this scenario occurs in resource-limited
settings will depend on the frequency of VL assess-
ments relative to the time of VL rebound, the fitness of
the resistant virus, and other patient-specific factors.
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