
Programmes that monitor local, national and regional

levels of transmitted HIV-1 drug resistance inform

treatment guidelines and provide feedback on the

success of HIV-1 treatment and prevention

programmes. The World Health Organization (WHO)

has established a global programme for genotypic

surveillance of HIV-1 drug resistance and has recom-

mended the adoption of a consensus definition of

genotypic drug resistance. Such a definition is neces-

sary to accurately compare transmitted drug resistance

rates across geographical regions and time periods.

HIV-1 diversity and the large number of mutations

associated with antiretroviral drug resistance compli-

cate the development of a consensus definition for

genotypic drug resistance. This paper reviews the data

that must be considered to determine which of the

many HIV-1 drug resistance mutations are likely to be

both sensitive and specific indicators of transmitted

drug resistance. The process used to create a previously

published list of drug resistance mutations for HIV-1

surveillance is reviewed and alternative approaches to

this process are discussed.
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The WHO has established a global programme for
genotypic surveillance of transmitted HIV-1 drug
resistance in representative untreated populations so
that a rise in the prevalence of resistance can be
detected at an early stage [1,2]. This programme is
confronted by several logistical and operational chal-
lenges including the identification of representative
populations for sampling and the development of the
infrastructure for recruiting infected individuals,
processing clinical samples and standardizing labora-
tory procedures. An additional challenge caused by
HIV-1 genetic diversity and the many known HIV-1
drug resistance mutations is the development of a
consensus definition of genotypic drug resistance.
Such a definition is needed to accurately compare
transmitted resistance rates across different regions
and time periods [1–5].

We recently outlined considerations for identifying
surveillance drug resistance mutations (SDRMs) and
developed a consensus list of 80 SDRMs at 39 posi-
tions in HIV-1 reverse transcriptase (RT) and protease
[5]. Mutations were included on the list if they met
three criteria: they caused or contributed to HIV-1
drug resistance; they did not occur in the absence of

antiretroviral (ARV) drug pressure; and they were
valid for all subtypes. The mutation list itself was
designed to be simple, unambiguous and parsimonious.
We refer to that list here as the provisional SDRM list.
Figure 1 depicts the steps used to create this list.
Although this approach appears reasonable, using it to
develop an optimal consensus list is not straightfor-
ward and might in some cases be controversial. In this
article, we provide data and arguments in support of
seven propositions pertaining to the selection and use
of drug resistance mutations for studies of transmitted
HIV-1 drug resistance.

The first proposition provides the rationale for
using genetic sequence data as the primary indicator
of drug resistance. The next four propositions address
the manner in which SDRMs were chosen for inclu-
sion in the provisional SDRM list as well as how
future mutations should be assessed when creating
updates to the list. The sixth proposition introduces
the concept that molecular phylogenetic factors might
become increasingly important for choosing SDRMs
and for analysing drug resistance surveillance data.
The final proposition argues that an online program
that can analyse a set of sequences using one or more
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SDRM lists will standardize resistance prevalence
calculations and facilitate meta-analyses of surveil-
lance data collected by different investigators at
different times.

Genotypic sequences are the optimal form
of resistance data for surveillance studies

HIV-1 replication is highly error-prone. Within an
infected individual, HIV-1 exists as a mixture of
innumerable variants that diverge from the initially
transmitted virus variant. Within human popula-
tions, high rates of polymorphism are found even in
the relatively conserved molecular targets of therapy
– RT and protease. HIV-1 diversity and the large
number of mutations associated with ARV resistance
add to the host of complications that must be
addressed when developing a consensus genotypic
definition for drug resistance.

However, despite these difficulties, genotypic resis-
tance testing has three major advantages over
phenotypic resistance testing for HIV-1 drug resistance
surveillance. First, unlike bacterial or mycobacterial
susceptibility testing, HIV-1 susceptibility testing is
difficult to perform and even more difficult to perform
well. Only a few laboratories are capable of performing
HIV-1 susceptibility testing and only one laboratory
has demonstrated a high level of reproducibility in tests
of all three classes of RT and protease inhibitors [6,7].
Moreover, phenotypic susceptibility testing is done
using proprietary methods. No reliable standardized
test has been developed that would allow testing to be
performed in the countries and regions in which
surveillance is being performed.

In contrast, genotypic susceptibility testing has
become highly reproducible. A few early studies
performed in the 1990s reported inconsistent results
among different laboratories performing genotypic
susceptibility testing [8,9]. However, the inconsisten-
cies in these early studies were attributed to a small set
of the participating laboratories [8]. Nearly all subse-
quent studies have described high levels of
reproducibility among laboratories performing HIV-1
genotypic resistance testing [10–14].

The second advantage of genotypic testing is its
greater sensitivity at detecting drug resistance in previ-
ously untreated persons. A significant proportion of
persons with transmitted resistance have revertant
mutations (for example, T215C/D/E/I/S/V) that indi-
cate transmitted resistance but do not reduce drug
susceptibility [15,16]. Other persons with transmitted
resistance have drug resistance mutations co-circu-
lating with wild-type virus variants that emerge as a
result of back mutation during the months to years
following initial infection [17,18]. Genotypic resistance

testing detects resistance in these individuals. In
contrast, phenotypic resistance testing will detect a
change in susceptibility only if the mutant variant is
present at sufficiently high levels relative to wild-type.
The deleterious effect of mutations on specific drugs
can also be masked by the presence of combinations of
mutations with antagonistic effects on susceptibility.
Thus, the effect of thymidine analogue mutations
(TAMs) may not be appreciated phenotypically in the
presence of the mutation M184V, which increases
zidovudine, stavudine and tenofovir susceptibility [19].
Likewise, the effect of non-nucleoside reverse tran-
scriptase inhibitor (NNRTI) resistance mutations might
be minimized in the presence of multiple TAMs, which
increase NNRTI susceptibility [20,21].

Finally, genotypic resistance test results provide
molecular epidemiological data in addition to drug
resistance data. Such data are useful not only for
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 Step 2. Exclude polymorphic
mutations

Exclude mutations present at a prevalence >1.0%
in any subtype or 0.5% in two or more subtypes

 Step 3. Simplify list

Exclude mutations unlikely to improve sensitivity
and/or that may engender confusion, such as

non-polymorphic mutations at polymorphic positions

Step 1. Identify
drug resistance mutations

Mutations present on three of five expert lists

Figure 1. An overview of the steps used to create the
provisional list of surveillance drug resistance mutations

Beneath each step is a description of the specific approach used. Possible
alternatives to the approaches used to derive the provisional surveillance drug
resistance mutations (SDRMs) list are reviewed in this article.
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detecting technical problems such as laboratory conta-
mination and sample mix-up but, more importantly,
for gaining insight into the population genetics of
transmitted resistance.

Identifying drug resistance mutations
requires expert judgment

The literature on HIV drug resistance mutations is vast.
Many mutations in protease and RT have been linked
to drug resistance by one of three criteria: selection
in vitro or in vivo by an ARV drug; association with
decreased in vitro susceptibility; or association with a
decreased virological response to therapy [22–24]. The
strength of the supporting evidence for different drug
resistance mutations is highly variable. Some mutations
fulfill all three criteria solidly; others fulfill only one or
two criteria. The association of other mutations with
ARV treatment, reduced in vitro susceptibility or
decreased response to ARV therapy is supported only
by the flimsiest of statistical evidence.

We adopted an ad hoc approach for constructing the
provisional SDRM list that defined drug resistance
mutations as those present in three or more of five
published lists of drug resistance mutations [23,25–28].
Although this simplified the process for choosing
among a large number of potential drug resistance
mutations, this approach is likely to be suboptimal for
future updates. One reason is that none of the
published lists was designed for drug resistance surveil-
lance. Two were designed to be primarily educational
[23,27] and three were designed to assist genotypic
drug resistance test interpretation [25,26,28]. Indeed, it
was necessary to make exceptions in the provisional list
for two mutations that were not present in three or
more lists: the RT codon 215 revertant mutations (for
example, T215D/C/E/S/I/V) and the protease mutation
V82M. Codon 215 revertant mutations, which occur in
approximately 3% of newly diagnosed persons in the
US, are one of the strongest molecular indicators of
HIV resistance transmission [15,16]. V82M, although
uncommon in protease of subtype B isolates, is a
common cause of protease inhibitor (PI) resistance in
subtype G isolates [29].

In conclusion, we do not believe it is possible to use
a single systematic or automated approach to identify
all HIV-1 mutations that cause or contribute to resis-
tance. Many drug resistance mutations do not meet all
three criteria (selection by therapy, reduced in vitro
susceptibility and reduced virological response to
therapy), and the supporting evidence for each drug
resistance mutation is varied. For these reasons, expert
judgment such as that provided by an expert panel,
formed specifically to develop a list of surveillance
mutations, will remain necessary to weigh the lines of

evidence suggesting that a mutation causes or
contributes to drug resistance.

Low-level polymorphism may reflect
transmitted resistance or naturally
occurring polymorphism

Some drug resistance mutations occur commonly in the
absence of selective drug pressure. Including such poly-
morphic mutations in a list of SDRMs would clearly
overestimate the levels of transmitted resistance. Among
the most well known mutations of this type are the acces-
sory PI resistance mutations at positions 10, 20, 36, 63,
71, 77 and 93, which – depending on the subtype – occur
in 5% to >50% of untreated persons. Furthermore, the
accessory nucleoside reverse transcriptase (NRTI) muta-
tions E44D and V118I and the minor NNRTI resistance
mutations A98G, V108I and V179D occur in between
1% and 2% of viruses from untreated persons.

Some non-polymorphic drug resistance mutations,
however, may appear polymorphic in analyses that
contain a large proportion of untreated persons who are
primarily infected with resistant viruses – a frequent
occurrence in areas where ARV drugs have been available
for many years. These mutations are important indicators
of transmitted resistance and should not be excluded
from a list of SDRMs. When creating the provisional
SDRM list, we used a three-step approach to minimize
the chance that transmitted resistance obscured truly
non-polymorphic drug resistance mutations.

First, we compiled nearly all publicly available
HIV-1 RT and protease sequences in GenBank
obtained from persons documented to be ARV-naive
in the publications associated with the GenBank
submissions. This compilation included RT sequences
from 9,417 persons and protease sequences from
11,791 ARV-naive persons. Non-subtype B sequences
made up 52% of the RT sequences and 49% of the
protease sequences. Overall, 29% of these sequences
were from Africa, 20% from North America, 19%
from South America, 16% from Europe, and 16%
from Asia. A list of the studies examined for this
analysis can be found at http://hivdb.stanford.edu/cgi-
bin/reference.cgi.

Next, we excluded sequences likely to be at high risk
for transmitted resistance: those from persons who
were infected in regions where transmitted resistance is
common, and those from untreated persons that
contained two or more drug resistance mutations at
known non-polymorphic positions. Finally, we calcu-
lated the prevalence of each drug resistance mutation in
each of the eight most common subtypes. Those muta-
tions occurring at a prevalence of ≤0.5% in all subtypes
were considered non-polymorphic. However, because
insufficient data were available for some subtypes,
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mutations that were present at a prevalence >0.5% but
<1.0% in no more than one non-B subtype were provi-
sionally considered an SDRM.

Tables 1 to 3 show the prevalence of each of the
SDRMs among untreated and treated persons in each
of the eight most common subtypes. Despite the addi-
tion of new studies published during the past year, all
but one of the mutations on the provisional SDRM list
has remained nonpolymorphic according to the
current working definition. M41L, one of the most
commonly transmitted drug resistance mutations,
occurred in 0.9% of ARV-naive subtype D (2/224) and
subtype G (2/209) isolates. Five other mutations
occurred with a prevalence between 0.6% and 0.9%
in a single non-B subtype.

About one-half of the SDRMs on the provisional list
occur at a prevalence of 0.1% to 0.5% in one or more
subtypes (Tables 1–3). For example, the NRTI resis-
tance mutation M41L, the NNRTI resistance mutation
K103N, and the PI resistance mutation L90M occur in
0.4%, 0.4% and 0.2% of untreated persons with
subtype B viruses, respectively. The presence of such
mutations in untreated persons probably reflects a
combination of transmitted resistance, present despite
the exclusions described above, and naturally occurring
low levels of polymorphism. For example, the NRTI
resistance mutation K70R, which has been reported in
0.2% of untreated persons infected with subtype B and
CRF01_AE viruses, had been reported in isolates even
before the use of ARV drugs [30,31].
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RTI-naive persons* RTI-treated persons†

A AE AG B C D F G A AE AG B C D F G

Pos‡ AA§ 519 1,043 720 4,545 1,950 224 207 209 296 746 362 10,942 793 261 289 630

M41 L 0 0 0.3 0.4 0.1 0.9¶ 0.5 0.9¶ 8.3 32 18 37 14 16 31 28

K65 R 0 0 0 0 0.1 0 0 0 2.7 3.2 2.8 1.8 4.4 0.8 1.4 4.4

D67 G 0 0 0 0 0.2 0 0 0 1.4 1.1 1.1 1.5 0.5 0.8 0.7 1.3

N 0 0 0 0 0 0 0 0 16 44 22 28 22 19 26 24

Del 0 0 0 0 0 0 0 0 0 0 0 0.1 0 0 0 0

T69 D 0.2 0 0 0 0 0 0 0 1.4 5.4 2.8 6.8 2.6 1.6 5.2 1

Ins 0 0 0 0 0 0 0 0 0 0.5 0 1.2 0 0.8 0 0

K70 R 0 0.2 0 0.2 0 0 0 0 19 30 17 22 16 14 24 15

L74 V 0 0 0 0 0.1 0 0 0.5 1.4 4.6 2.8 5.8 3.2 5.4 4.5 6.2

V75 A 0 0 0 0 0.1 0 0 0 0 0.8 0.6 0.2 0.3 0 0 0.3

M 0 0.3 0 0 0 0 0 0 1.4 3.8 0 1.9 0.3 0.8 2.1 1.8

S 0 0 0 0 0 0 0 0 0 0 0 0.1 0 0 1.4 0

T 0 0 0 0 0 0 0 0 0.7 2.4 2.2 0.9 0.8 0.8 0 0.6

F77 L 0 0.1 0 0 0 0 0 0 0.7 2.1 1.1 1.8 1.3 0 0.7 0.6

Y115 F 0 0 0 0 0 0 0 0 0.7 1.1 1.1 1.2 1.5 0 0 0.3

F116 Y 0 0 0 0 0 0 0 0 0.7 3.2 1.7 2 2.5 0.8 0.7 1.6

Q151 M 0 0 0 0 0 0 0 0 0.7 5.1 2.8 2.5 2.9 0.8 0.7 2.5

M184 I 0 0 0 0 0 0.5 0 0 0 2.7 1.2 1 0.3 0 0 0.7

V 0 0.2 0.1 0.2 0.1 0.5 0 0 44 28 44 45 39 38 38 58

L210 W 0 0 0 0 0 0 0 0 3.9 20 6.4 23 5.8 7.5 11 4.8

T215 C 0 0 0 0.2 0.1 0 0 0 0 0 0.6 0.6 0 2 1.8 0

D 0 0 0 0.3 0.1 0 0 0 0 0 0 0.7 0 0 0.7 0.3

E 0 0 0 0.1 0 0 0 0 0 0 0 0.1 0 2 0 0.3

F 0 0 0 0 0 0 0 0 11 21 8 8.7 3.9 5.1 14 6.1

I 0.4 0 0 0 0 0 0 0 5 0.5 1.1 0.6 0.3 0 1.1 0.3

S 0 0 0 0.3 0.1 0 0 0 0 0.3 1.1 0.5 0 0 0 0

V 0 0 0 0 0 0 0 0 1.2 0.3 0 0.7 0.3 0 0.7 0.3

Y 0.2 0 0.1 0 0.1 0 0 0 8.3 25 16 36 19 14 27 26

K219 E 0 0 0 0 0 0 0 0 7.1 4.6 8 3.3 4.9 1 6.7 7.1

Q 0.2 0.1 0.1 0 0 0.9¶ 0 0 12 25 7.1 14 5 9 11 6.8

R 0 0.1 0 0.1 0.1 0 0 0 0 0.8 0 1.7 0.5 1 1.4 1.3

*The header for columns 3–10 contains the number of sequences in the HIV Drug Resistance Database from untreated persons by subtype. †The header for
columns 11–18 contains the number of sequences from treated persons according to subtype. The row entries contain the mutation prevalence (%) according to
subtype and treatment using a set of publicly available sequences updated on the 1 October 2007.‡Pos, reverse transcriptase position preceded by the consensus
residue. §AA, surveillance drug resistance mutation (Del, deletion; Ins, insertion). ¶Mutations with a prevalence >0.5%. RTI, reverse transcriptase inhibitor; SDRM,
surveillance drug resistance mutation.

Table 1. HIV-1 NRTI surveillance drug resistance mutations: prevalence in RTI-naive and RTI-treated persons according to subtype
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In conclusion, large numbers of sequences from
untreated persons infected with viruses of different
subtypes are required to distinguish polymorphic from
non-polymorphic drug resistance mutations. There is no
definitive approach for distinguishing low levels of poly-
morphism arising from natural occurrence versus
transmitted resistance, because even in recently infected
persons the genotype and treatment history of the source
of infection are rarely known. Nonetheless, we believe
that the heuristic approaches described here, which we
used to develop the provisional SDRM list, represent a
logical way to determine which drug resistance mutations
are non-polymorphic.

Creating a single SDRM list applicable to all
subtypes is both necessary and feasible

Most data on the genetic mechanisms of HIV-1 drug
resistance arose from studies of subtype B viruses, the
predominant subtype in North American and Europe.
During the past few years, however, the literature and
the number of published sequences from untreated and
treated persons with non-subtype B viruses have
expanded. Indeed, the number of untreated individuals
with non-subtype B sequences for the seven most
common non-B subtypes has increased in the published
literature by 17% for RT (4,265–4,998 individuals) and

14% for protease (5,097–5,807 individuals) since the
provisional SDRM list was created (Tables 1–3).

Analyses of this sequence data reveals that although
polymorphism rates differ between subtypes, positions
that are polymorphic in one subtype are generally poly-
morphic in all subtypes. Conversely, positions that are
non-polymorphic in one subtype are generally non-
polymorphic in all subtypes. This similarity of
wild-type sequences from different subtypes is consis-
tent with the large number of studies showing that
currently available RT and protease inhibitors are
equally active against all HIV-1 group M subtypes.
Indeed, there are no published treatment guidelines
that recommend different treatments for viruses
belonging to different subtypes.

There are a few examples, however, of PI resistance
mutations that – in the dataset currently available for
analysis – are polymorphic in some subtypes but not
in others. V11I, a mutation associated with darunavir
resistance [32], occurs in 1.8% and 1.3% of untreated
CRF02_AG and subtype G isolates, respectively, but
in fewer than 1.0% of untreated isolates from the
other six major subtypes. K20I occurs in >90% of
untreated CRF02_AG and subtype G isolates, but is
rarely found in untreated subtype B and C isolates.
L33F occurs in ~1% of untreated subtype A and
CRF01_AE isolates, but is rarely found in untreated

Antiviral Therapy 13 Suppl 2 63
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RTI-naive persons* RTI-treated persons†

A AE AG B C D F G A AE AG B C D F G

Pos‡ AA§ 519 1043 720 4,545 1,950 224 207 209 296 746 362 10,942 793 261 289 630

L100 I 0 0 0 0 0 0 0 0 2 1.9 1.7 1.6 1 1.5 2.4 2.6

K101 E 0 0 0 0.1 0.1 0 0 0 3.7 5.7 6.7 2 3.8 2.3 4.2 1.6

N103 N 0.2 0 0 0.4 0.2 0 0 0 18 13 26 17 18 17 24 37

S 0 0 0 0 0.1 0 0 0 0 0 0 0.3 0.3 0 0 0.3

V106 A 0 0 0 0 0 0 0 0 0 0 0 0.7 0 0 0.7 1.3

M 0 0 0 0 0 0 0 0 0 1.1 0.6 0.2 9 0.8 1.4 0.3

Y181 C 0.2 0.1 0 0.1 0.1 0 0 0 8.3 9.4 7.8 7.9 9 5.4 15 12

I 0 0.1 0 0 0 0 0 0 0.7 1.1 0 0.4 0.5 0 0.7 0.3

Y188 C 0 0 0.1 0 0 0 0 0 0 0 0 0.1 1 0.8 0 0.3

H 0 0 0 0 0.1 0.5 0 0 0.7 0 0 0.2 0 0 0 0

L 0 0.2 0 0 0.1 0 0 0 1.4 4.6 1.7 1.6 3.3 0.8 2.1 4.2

G190 A 0 0.1 0 0 0.1 0.5 0 0 11 13 4.5 4.5 9.2 7.7 4.6 5.3

E 0 0 0 0 0.1 0 0 0 0 0.5 0 0.3 0.3 0 0.7 0.3

Q 0 0 0 0 0 0 0 0 0 0 0 0.1 0 0 0 0

S 0 0 0 0 0 0 0 0 0.7 1.3 5.6 1.1 1.3 0.8 1.4 0.3

P225 H 0 0 0 0 0 0 0 0 0 1.4 3.5 0.9 0.8 1.4 2.2 4

M230 L 0 0 0 0 0 0 0 0 0.8 0.3 1.8 0.5 1.3 0 0.8 1

P236 L 0 0 0.3 0.1 0 0 0 0 0 0 0 0.2 0.6 0 0 0

*The header for columns 3–10 contains the number of sequences in the HIV Drug Resistance Database from untreated persons by subtype. †The header for columns
11–18 contains the number of sequences from treated persons according to subtype. The row entries contain the mutation prevalence (%) according to subtype and
treatment using a set of publicly available sequences updated on the 1 October 2007. ‡Pos, reverse transcriptase position preceded by the consensus residue. §AA,
surveillance drug resistance mutation. RTI, reverse transcriptase inhibitor; SDRM, surveillance drug resistance mutation.

Table 2. HIV-1 NNRTI surveillance drug resistance mutations: prevalence in RTI-naive and RTI-treated persons according to subtype
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isolates belonging to other subtypes. M46L occurs in
1.3% of subtype G isolates, but not in other subtypes.
T74S, a mutation recently shown to contribute to
nelfinavir resistance [33], occurs in 8.1% of untreated
subtype C isolates but is rarely found in untreated
subtype B isolates.

The genetic mechanisms of ARV resistance are also
highly similar among different subtypes (that is, the
mutations that cause resistance in subtype B viruses
also cause drug resistance in non-B viruses) [34].
There are two notable exceptions. First, although the
NNRTI resistance mutation V106M is one of the
most common mutations emerging in subtype C
viruses during NNRTI therapy [35,36], it occurs
rarely in subtype B viruses subjected to the same drug
pressure. Second, the PI resistance mutation V82M

occurs commonly in subtype G viruses exposed to PIs
[29], but rarely in subtype B viruses under the same
conditions. Differences in the proportions of certain
mutations occurring during PI therapy, such as the
frequency of L90M relative to D30N in persons
receiving nelfinavir, have also been reported
[33,37–40]. Such differences, however, do not influ-
ence the composition of the SDRM list, because both
D30N and L90M are included in the list.

These observations support the concept that a single
SDRM list applicable to all subtypes can be created. The
creation of different SDRM lists for different subtypes is
unnecessary and would complicate surveillance efforts,
because in many regions multiple subtypes are found.
Finally, an increasing number of new infections appear to
be caused by intersubtype recombinants, and determining
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PI-naive persons* PI-treated persons†

A AE AG B C D F G A AE AG B C D F G

Pos‡ AA§ 907 923 1,161 6,059 1,684 400 330 327 97 94 153 6,590 264 145 224 185

L24 I 0 0 0.1 0 0.1 0 0 0 5 0 1.3 7.5 1.5 8.5 11 2.2

D30 N 0 0 0 0 0 0 0 0 0 0 0 6.9 8.8 7.7 1.4 0.5

V32 I 0 0 0.1 0 0 0 0 0 0 0 0.7 7.3 0.4 8.3 2.2 0

M46 I 0.2 0.6¶ 0.1 0.2 0.1 0 0.3 0 19 4.5 17 29 12 26 13 17

I47 A 0 0 0 0 0 0 0 0 0 0 0 0.5 0.4 0.7 0.4 0

V 0 0 0 0 0.1 0.2 0 0.6¶ 2 0 3.9 6.5 0.4 4.9 3.6 1.6

G48 V 0 0 0 0 0 0 0 0 3 8.6 1.3 5.7 1.5 4.1 4.1 2.7

I50 L 0 0 0 0 0 0 0 0 0 0 0 0.4 1.9 0 0 0

V 0 0 0 0 0.1 0 0 0 0 0 0 2.5 0.4 3.4 2.7 1.6

F53 L 0 0.1 0 0 0.1 0 0 0.3 5 3.2 5.3 6 0.4 5.5 8.6 8.7

I54 A 0 0 0 0 0 0 0 0 1 1.1 0 1.6 1.1 2.2 1.4 1.7

L 0 0 0 0 0 0 0 0 1 1.1 0 4 0.4 2.2 0 0

M 0 0 0 0 0 0 0 0 0 0 0 4.2 0 3.6 0.9 0.6

S 0 0 0 0 0 0 0 0 2 0 0.7 1.3 0 0.7 0.5 0

T 0.1 0 0 0 0.1 0 0 0 2 0 0 1.4 0 1.4 1.4 0

V 0 0 0 0 0 0 0 0 19 8.8 19 31 9.6 34 42 39

G73 A 0 0 0 0 0 0 0 0 0 0 0 0.6 0 0.7 0 0.5

C 0 0 0 0 0 0 0.3 0 0 0 0 1.8 0 0 0.5 0

S 0 0 0.1 0 0.1 0 0.3 0 3 2.2 1.3 11 2.3 9.1 1.8 0

T 0 0 0 0 0 0 0 0 0 0 0 4 0 2.8 0.5 0

V82 A 0 0 0 0 0.1 0 0 0 11 11 8.1 29 12 28 41 3.3

F 0 0 0 0 0 0 0 0 6 3.3 1.3 2.1 0.4 0.7 1.8 1.7

M 0 0 0 0 0 0 0 0 0 0 0 0.2 0 0.7 0 3.3

S 0 0 0 0 0 0 0 0 0 0 1.3 1.5 0.8 2.1 0.9 3.3

T 0 0 0 0 0 0 0 0 1 1.1 1.3 3.4 1.2 4.3 2.7 13

I84 A 0 0 0 0 0 0 0 0 0 0 0.7 0.2 0 0 0 0

C 0 0 0 0 0 0 0 0 0 0 0.7 0.2 0.4 0 0 0

V 0 0 0 0 0 0 0 0 10 7.8 14 21 4.9 15 2.7 6.6

N88 D 0 0 0 0 0 0 0 0 1 0 0 5.3 5.4 5.6 2.2 0.5

S 0 0 0.1 0 0.1 0 0 0.6¶ 2 3.2 1.3 1.1 3.1 0 3.1 1.1

L90 M 0.1 0 0.1 0.2 0.1 0 0.3 0.6¶ 12 9.8 19 44 24 31 21 39

*The header for columns 3–10 contains the number of sequences in the HIV Drug Resistance Database from untreated persons by subtype. †The header for columns
11–18 contains the number of sequences from treated persons according to subtype. The row entries contain the mutation prevalence (%) according to subtype and
treatment using a set of publicly available sequences updated 1 October 2007. ‡Pos, protease position preceded by consensus residue. §AA, surveillance drug
resistance mutation. ¶Mutations with a prevalence >0.5%. PI, protease inhibitor; SDRM, surveillance drug resistance mutation.

Table 3. HIV-1 PI surveillance drug resistance mutations: prevalence in PI-naive and PI-treated persons according to subtype
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the subtype of HIV-1 RT and protease in these
recombinants can be difficult [41].

An SDRM list should be refined by examining
sequences from recently infected persons

An SDRM list does not have to contain all non-
polymorphic drug resistance mutations. Rather, the list
should be the shortest possible list that reliably and
consistently assesses the prevalence of drug resistance
across different populations. Each additional mutation
included on an SDRM list poses a slight risk of inflating
the background prevalence of resistance because, as
noted above, even highly conserved mutations can occur
naturally in 0.1% to 0.5% of sequences. Expert judg-
ment such as that provided by an expert panel could be
used to exclude mutations that are unlikely to influence
prevalence calculations either because the mutations are
rare or because they occur only in combination with
other drug resistance mutations.

The vast majority of published sequences are either
from ARV-experienced persons or from ARV-naive
persons in whom the source and time of infection is not
known. Sequences from recently infected persons or from
persons with a known source of infection have infre-
quently been published. However, such sequences, as well
as the many sequences that will be obtained during
surveillance, will make it possible to fine-tune an SDRM
list. In particular, extraneous, uninformative mutations
that do not occur alone in recently infected individuals
can be removed. Conversely, rare mutations not currently
on the SDRM list that are found to be specific indicators
of resistance transmission can be added.

Clusters of phylogenetically linked variants
could bias SDRM prevalence rates

Epidemiologists in Sweden recently described a 
transmission cluster of six newly diagnosed individ-
uals who presented between 1993 and 1996 with the
NRTI resistance mutation M41L [42]. This mutation
presumably arose in one person receiving therapy and
was then transmitted to several untreated persons.
Likewise, the otherwise non-polymorphic NRTI resis-
tance mutation A62V is found in >100 of ~500
subtype A isolates from untreated individuals.
However, all of the subtype A variants with A62V are
from countries of the former Soviet Union and are
closely related phylogenetically – differing from one
another by a mean of 1.0% ±0.7% of their nucleotides
(Figure 2) [43].

Similar to most SDRMs, stably transmitted resistant
variants may influence the success of initial ARV therapy
and are, therefore, of public health importance.
However, in contrast to most SDRMs, stably transmitted

variants do not indicate the extent to which transmitted
resistance results from ARV treatment failure. For
example, the public health consequences of a drug resis-
tance mutation occurring in five out of 100 persons may
be different if the five resistant viruses are closely related
phylogenetically – suggesting that they resulted from one
ARV treatment failure – than if they resulted from five
unrelated treatment failures.

Clusters of stably transmitted resistant variants are
likely to increase as drug treatment and drug resistance
surveillance programs expand. In particular, clusters are
likely to be more apparent when the populations under-
going surveillance are geographically concentrated.
Although such clusters may complicate SDRM updates
by biasing the prevalence of drug resistance mutations
in different populations, the possible public health
significance of drug resistance clusters could be even
more important. However, performing phylogenetic
analyses of sequences obtained during surveillance and
using these analyses to inform public health policy
represents uncharted territory. Further discussion of
this topic would be speculative and beyond the scope of
this article.
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Figure 2. Neighbour-joining tree containing reverse
transcriptase sequences from >500 untreated persons with
viruses belonging to subtype A

The tree was created in PAUP 4.0 using the HKY85 substitution model with
rate variation conforming to a gamma distribution. The branches highlighted
lead to ~100 sequences with the reverse transcriptase (RT) mutation A62V. The
cladogram (branches not drawn to scale) indicates that the clustering of
viruses with this mutation results from a founder effect [43].
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An online program can standardize resistance
prevalence calculations and facilitate 
meta-analyses across multiple studies

Comparisons of resistance prevalence results from
previously performed studies are complicated by the
fact that different studies often use different SDRM
lists, as well as different methods for sampling
untreated persons. Whereas not much can be done to
standardize resistance prevalence results for differences
in study design, it is possible to standardize resistance
prevalence results for the use of different SDRM lists.
Because sequences from different drug resistance
surveillance studies are rarely made publicly available,
the only way to compare resistance prevalence among
populations is to use a computer program that allows
epidemiologists to use the same SDRM list to analyse
different datasets. Such a program can also ensure a
consistent approach to handling missing data, such as
incomplete or poor quality sequences.

The Calibrated Population Resistance (CPR) tool is
an online program available on the HIV Drug Resistance
Database website (http://hivdb.stanford.edu). It uses the
provisional SDRM list to compute the prevalence of
NRTI, NNRTI, PI, dual-class, and triple-class resistance
in a set of RT and/or protease sequences from untreated
persons submitted by the investigator. It also provides
the prevalence of each SDRM in the set and an assess-
ment of sequence quality. Most importantly, however,
CPR allows users to select from several SDRM lists.
For example, although the provisional SDRM list is
the default list, users may select the commonly used
list of major International AIDS Society USA (IAS-
USA) drug resistance mutations. Moreover, when the
SDRM list is updated, the original provisional list will
remain an option so that all analyses are backward
and forward compatible.

Conclusions

There are many challenges to performing epidemiolog-
ically sound studies of transmitted HIV-1 drug
resistance. These challenges include identifying the
most appropriate HIV-1 subjects, developing the local
infrastructure for genotypic resistance testing, and
determining how to optimally use surveillance results
in the context of HIV-1 drug treatment and prevention
programmes. However, researchers intimately involved
either in measuring HIV-1 drug resistance within popu-
lations or in performing meta-analyses of published
studies have realized that genotypically defining HIV-1
drug resistance is far from trivial. Indeed, for global
analyses, the WHO will use a consensus definition of
transmitted resistance based on a standard list; the
same list will be recommended for use by countries in

their own programmes for surveillance of transmitted
resistance [1,2].

In a previous manuscript, we described a step-by-step
procedure for creating a list of SDRMs to serve as a
genotypic definition of drug resistance [5]. This article
discusses the merits of each criteria used to identify
SDRMs and describes the types of decisions that are ulti-
mately necessary for applying these criteria to publicly
available HIV-1 sequences and the vast HIV-1 drug resis-
tance literature. This article also introduces two new
concepts that will become increasingly relevant as more
drug surveillance studies are performed. First, HIV-1 RT
and protease sequences often contain phylogenetically
meaningful data that might influence how drug resis-
tance surveillance data should be interpreted, although
as noted in the text the use of molecular phylogeny in
the setting of HIV-1 drug resistance surveillance has no
precedent. Second, SDRM lists will inevitably be
updated as new data and drugs become available.
These updates will be most effective when they occur
in the context of a publicly available online program
that allows researchers possessing different datasets to
perform identical analyses with either the original
provisional SDRM list, future upgrades of this list or
other published lists from previous studies.
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