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Background: There is concern that antiretroviral therapy (ART) use with only clinical
monitoring for failure will result in high rates of transmission of virus with resistance to
drugs currently in use.

Methods: A stochastic simulation model of transmission of HIV, natural history and the
effect of ART, was developed and used to predict the proportion of new infections with
resistance according to whether and when viral load monitoring is introduced.

Results: In our base model, there was predicted to be 12.4% of new HIV infections with
primary antiretroviral resistance in 2020 if clinical monitoring is used throughout,
compared with 5.4 and 6.1% if viral load-guided switching (based on viral load
measured every 6 months, with switch determined by a value >500 copies/ml) was
introduced in 2010 or 2015, respectively. The death rate for those on ART was lowest
when viral load monitoring was used, but the overall death rate in all infected people
was higher if viral load monitoring was introduced at the expense of scale-up in HIV
diagnosis and ART initiation beyond their 2010 coverage levels (4.7 compared with 3.1
per 100 person-years).

Interpretation: To preserve current first-line drugs for the long term there is an eventual
need for some form of cheap and practical viral load monitoring in resource-limited
settings. However, a delay in introduction of 5 years has limited consequences for
resistance transmission so the current priority for countries’ ART programmes is to
increase HIV testing and provide treatment for all those in need of ART.
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Introduction

Antiretroviral therapy (ART) is increasingly used in
resource-limited settings [1,2], although treatment use on
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second-line drug regimens are also available [1,3,4] and it
is important to consider how people on first-line ARTare
monitored, in order to decide if and when a switch to a
second-line regimen is needed [5–18]. In most resource-
limited settings the decision to switch is based on
incidence of clinical events or on CD4 cell count levels,
whereas in developed countries a raised viral load level is
the criterion used [19,20]. Viral load monitoring is
currently unavailable in the majority of resource-limited
settings, although cheap and robust viral load measure-
ment approaches suitable for future use in such settings are
being developed (e.g. [21–25]). Since loss of CD4 cells
can be slow after virologic failure, basing the decision to
switch to second line on new clinical events (‘clinical
monitoring’) results in people with virologic failure
remaining on their regimens, during which time new
resistance mutations may develop [13,26,27].

There has been concern that use of clinical rather than viral
load monitoring will lead to a lower efficacyof the second-
line regimen, due to increased levels of resistance to
nucleoside analogue drugs used in the second-line regimen
resulting from the delay in switching, and to increased rates
of clinical progression and death. However, it has been
demonstrated that deliveryof ARTand selection of patients
for second-line therapy without viral load monitoring can
still result in extremely low rates of clinical progression and
mortality in parts of sub-Saharan Africa, such as was seen in
the Development of Antiretroviral Therapy in Africa
(DART) trial in Uganda and Zimbabwe over more than
5 years of follow-up (e.g. [7]). A modelling study from
ourselves has suggested that the mortality benefit for people
on ART of use of viral load-driven switching may be
modest [10]. These studies, however, have not directly
addressed the other major concern with use of clinical (or
CD4 cell count) monitoring, that of increased transmission
of resistant virus, undermining the effects of first-line ART
for the future [18]. Models of HIV transmission have been
used to predict emergence of transmitted drug resistance
(e.g. [28–34]) but analyses of using viral load monitoring to
reduce transmission of resistant HIV have been limited to
extreme scenarios of no viral load or 100% access [32]. In
this study we use a more detailed computer simulation
model to predict transmission of drug resistance according
to timing of introduction of viral load over the coming
years.
Methods

Scenario modelled
We used an individual-based stochastic computer
simulation model with the scenario modelled being a
setting with a high prevalence heterosexual epidemic
which started in 1985. ART is assumed to have been
introduced in 2003, with a policy of initiating therapy in
those with WHO 4 disease or CD4 cell count below
200 cells/ml. The rate of diagnosis is assumed to be
pyright © Lippincott Williams & Wilkins. Unautho
relatively low, such that only around 12% of all people
with HIV are on ART by 2010 (44% of those in need,
when ‘need’ is defined based on CD4 cell count 200),
close to the overall estimate for sub-Saharan Africa [1]. It
is assumed that the first-line regimen used is stavudine
(d4T), lamivudine and nevirapine, with switches of d4T
to zidovudine and nevirapine to efavirenz if necessary for
toxicity. The second-line regimen is assumed to consist of
zidovudine, didanosine and lopinavir/r. In the absence of
viral load monitoring the need for a switch to second-line
ART is assumed determined by use of clinical monitoring
(new WHO clinical stage 4 condition at least 9 months
after start of ART determines the need to switch). We
chose not to include WHO clinical stage 3 conditions as
part of the criteria for switching to ensure that we were
studying a switch strategy which will generally result in
the latest possible switch, potentially allowing most scope
for transmission of resistant virus. This will maximize the
risks of transmission of resistance with a clinical
monitoring strategy. The year 2010 is the starting point
for considering the timing of the introduction of viral
load monitoring, with three main scenarios considered:
introduction immediately in 2010 (which is not a
practical option in most settings, but provides a useful
comparator), introduction in 2015, and no introduction
before 2020. We compared the predicted proportion of
new infections with transmitted primary resistance
(defined as at least 50% reduced susceptibility to at least
one drug) between these scenarios. Viral load monitoring
is assumed to consist of 6-monthly assessments with a
switch in therapy governed by a confirmed viral load
above 500 copies/ml (a value chosen to be approximately
consistent with practice in developed countries). After
2010, we assume an increased rate of diagnosis (illustrated
in Fig. 1), and a switch in ART initiation strategy so that
ART is initiated in people with CD4 cell count below
350 cells/ml, in line with new WHO advice [6]. This
represents a rapid, and probably unrealistic, increase in
diagnosis and ART initiation rate, which is likely to lead
to greater predicted transmission of resistance, and again
was chosen to emphasize the risks of transmission of
resistant virus.

HIV synthesis transmission model
Sexual risk behaviour is modelled as the number of new
and longer-term unprotected sex partners. As for all
variables modelled, these are updated in 3-month
periods. In any given period, the probability of an
uninfected person having an unprotected sex partner who
is infected with HIV depends on their number of partners
and on the prevalence of HIV amongst partnerships
formed by those of the opposite sex, accounting for
patterns of age mixing. Given exposure to an infected
partner, the probability of transmission depends on the
viral load level of the partner (obtained by sampling from
the distribution of viral load levels in partnerships formed
by HIV-infected people, accounting for gender and age),
on the estimated risk of transmission at that viral load,
rized reproduction of this article is prohibited.



C

Viral load monitoring and resistance transmission Phillips et al. 845

100

80

60

40

20

2003 2010 2015 2020

Diagnosed

On ART

Year

%

Fig. 1. Trends from 2003 to 2020 in proportion of people
with HIV who are diagnosed and proportion of people with
HIV who are on ART. 2010 is the date from which diagnosis
rates are increased. Based on one run pre-2010 and mean of
80 runs after 2010. Total number with HIV increases from
8920 in 2010 to mean over runs of 13 158 in 2020 (range
11 593 to 14 548).
presence of a concurrent sexually transmitted infection
and on gender. It should be noted that presence or not of
resistance mutations does not influence the risk of
transmission (i.e. virus with resistance mutations present is
assumed equally transmissible as virus without such
mutations, for a given viral load).

For people who have become infected with HIV the
variables modelled include viral load, CD4 cell count,
presence of resistance mutations, risk of AIDS and death.
Resistance is modelled in terms of the presence or not of
mutations specific to the drugs in use [e.g. number of
thymidine analogue mutations (TAMS); presence of
M184V (yes or no; y/n), K65R (y/n); L74V (y/n);
Q151M (y/n), presence of a key non-nucleoside reverse
transcriptase inhibitor (NNRTI) mutation (y/n); major
protease inhibitor mutations (y/n)]. Distinction is made
for each mutation as to whether it is only present in
minority virus (if the patient has a mutation present but
has stopped drugs that select for that mutation), so
assumed not transmissible, or if it is present in majority
virus, and hence assumed transmissible. The model of
progression of HIVand the effect of ART has been shown
to provide a generally close fit to observed data relating to
natural progression of HIV infection and the effect of
ART ([10,35,36], Supplementary Results 1, http://links.
lww.com/QAD/A114).

For a newly infected person, the probability of being
infected by a person with resistant virus as their majority
virus population is determined by the probability, for the
given viral load level of the person from whom the virus
has been acquired, that drug resistance mutations are
present in the concurrent infected population, again
taking into account gender, age and number of partner-
ships formed. It is not assumed that all resistance
opyright © Lippincott Williams & Wilkins. Unauth
mutations present in majority virus of the source partner
are established as a mutation in virus in the newly infected
person. This is dependent on the specific mutation, in
which M184V, for example, if present in the source
partner is assumed to have only a 20% chance of being
established as a mutation in virus in the new host (and
hence compromising subsequent therapy), whereas for
NNRTI mutations this is 80%. If a mutation is
transmitted and established in the new host it is assumed
to persist in majority virus indefinitely, with the
exception of the M184V mutation which is assumed
to revert to a minority variant immediately on infection.
We also consider the possibility of a person who is already
infected becoming super-infected, as this is potentially
relevant for transmission of drug-resistant HIV. Full
model details are in the Supplementary Methods (http://
links.lww.com/QAD/A113).

We performed uncertainty and sensitivity analysis in
which we assessed the impact on our primary comparison
(difference between scenarios in proportion of new
infections with transmitted drug resistance in 2020) of
changes in the assumptions in the model [37]. The model
projections were re-run 10 000 times, each time
randomly choosing from two or three options for 40
different possible changes to the model assumptions (see
Supplementary Results 2, http://links.lww.com/QAD/
A115). The model is programmed in SAS 9.1 (SAS
Institute, Cary, North Carolina, USA).
Results

Figure 1 shows trends in the proportion of people with
HIV who are diagnosed and on ART. These both show a
modest rate of increase between 2003 and 2010, reflecting
the kind of scale-up seen so far in many African countries.
Table 1 shows the characteristics of the simulated HIV-
infected population in 2010, which broadly reflects that
of infected people in many countries (44% of those in
need of ART being on ART corresponds to the
UNAIDS estimate for end of 2008 for sub-Saharan
Africa [1]). After 2010 (Fig. 1), the proportion of people
with HIV who are diagnosed is predicted to rise
considerably, to 54% in 2015 and then more gradually
to 63% in 2020, and likewise the proportion of all people
with HIV who are on ART, predicted to rise to 37% in
2015 and 45% in 2020. This sharp rise is due to our
optimistic assumption of an increase in diagnosis rate and
availability of treatment after 2010.

Figure 2 shows the predicted outcomes between 2010
and 2020, broken down according to the timing of
introduction of viral load monitoring. Figure 2a shows
that of those on ART, the proportion with viral load
suppression is predicted to remain high, although this
differs somewhat according to timing of introduction of
viral load monitoring. Use of clinical monitoring to
orized reproduction of this article is prohibited.
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Table 1. Breakdown of the simulated HIV infected population in
2010a.

Female sex 53%
Ageb 36.00 (29.25–44.00)
Proportion of patients in need of

ART who have started ART
44%

People undiagnosed (%) 80%
CD4 cell count in 2010b 474 (285–653)
Previous WHO 3 22%
Previous WHO 4 7%
Years since infection 5.25 (2.50–8.5)

People diagnosed but ART naı̈ve (%) 8%
CD4 cell count in 2010b 455 (291–647)
Previous WHO 3 37%
Previous WHO 4 14%
Years since infectionb 7.75 (5.25–11.00)

People on ART (%) 12%
Years since startb 3 (1.5–5.00)
With VL <500 77%
With resistancec present 17%
CD4 cell count at start ARTb 161 (85–237)
CD4 count in 2010b 360 (211–539)
Previous WHO 3 77%
Previous WHO 4 55%
Years since infectionb 11.75 (8.75–15.25)
Specific drugsd

Stavudine 88%
Zidovudine 10%
Lamivudine 97%
Didanosine 3%
Nevirapine 93%
Efavirenz 4%
Lopinavir/r 3%

People ART experienced but off ART 1%

aBased on one model run (8920 simulated people infected with HIV
by 2010, out of 61 044 people aged >15 and alive. This is out of the
total 100 000 people who are alive age 15 or above at least at some
point between 1985 and 2025).
bMedian and IQR.
cPredicted �50% reduced susceptibility to at least one of the first or
second line drugs included in the modelling.
dPercents of all on ART.
determine switch to second-line regimens often means
that those people who have experienced virological
failure of the first-line remain on that virologically failing
first-line regimen for a sustained period of time, until
such time as clinical failure occurs. For example, of those
experiencing virologic failure within 5 years from start of
ART, the median time from this failure to the time of
fulfilling the switch criterion if clinical monitoring is used
is 2.5 years. The predicted proportion of those on ART
who are on second line is higher after viral load
monitoring is introduced (Fig. 2b), and is 4.0 times higher
in 2020 if viral load monitoring was introduced in 2010,
compared with if clinical monitoring is used throughout.

Since people with detectable viral load (defined here as
>500 copies/ml) have a much greater infectivity than
those with undetectable viral load [38], those with
detectable levels can essentially be thought of as the source
of most new infections. Thus, a critical determinant of
the proportion of new infections with transmitted drug
resistance is the proportion of all people with detectable
viral load (which will include people who are on ART
and people who are not on ART, including those
pyright © Lippincott Williams & Wilkins. Unautho
undiagnosed) who carry drug resistance as majority virus.
This is shown in Fig. 2c and indicates that this proportion
is greater in the absence of viral load monitoring, with the
difference reducing after introduction of viral load
monitoring in 2015. Figure 2d shows the proportion
of newly infected people who carry drug resistance.
Patterns tend to mirror those in Fig. 2c, except
percentages are lower due to that not 100% of people
infected from a person with resistant virus will themselves
carry resistant virus. Of new infections, the predicted
percentage with resistance in 2020 is 5.4% if viral load
monitoring was introduced in 2010, 6.1% if introduced in
2015, and 12.4% if clinical monitoring (WHO stage 4
condition) were used throughout.

Figure 3 shows the main results from multivariable
uncertainty analysis, which indicates the overall level of
uncertainty. The estimate and the spread around this
estimate as depicted in the figure is derived from
multivariable uncertainty analysis and indicates the overall
level of uncertainty of the model taking various
combinations of the assumptions into account. The
analysis also indicates the effects of varying assumptions in
the model on the predicted difference between strategies
in the percentage of new infections with resistance in
2020 (see Supplementary Results 2 for details, http://
links.lww.com/QAD/A115). Introduction of viral load
monitoring in 2010 results in a median 0.3% lower
prevalence of transmitted resistance in 2020 (95%
plausibility range �2.9 to 4.7%) compared with
introduction in 2015, and median 4.2% lower prevalence
(95% plausibility range 0.6 to 14.5%) compared with no
introduction of viral load monitoring before 2020. This
does not overlap 0 and hence indicates that over all 10 000
scenarios over 97.5% result in a situation in which there is
a higher proportion with transmitted drug resistance if
viral load monitoring is not introduced before 2020.

We also considered modifications to the viral load
monitoring strategy in order to help understand what are
the most essential elements of the viral load monitoring
strategy. For these purposes, we assumed viral load
monitoring was started in 2010. Use of a threshold of
5000 copies/ml, rather than 500 copies/ml, led to a
predicted proportion of newly infected people who carry
drug resistance in 2020 to 6.0% (compared with 5.4% in
our main analysis). Reduction of the frequency of
monitoring to once every 3 years, with the first measure
at year 1, led to a value of 7.2%, whereas use of a single
viral load measurement at 1 year (and no subsequent
measures) led to a value of 8.5%.

Finally, we considered the death rate in the HIV-infected
population between 2010 and 2020 (Table 2). This was
2.7 (2.4 when restricting to those on ART) per 100
person-years with use of viral load monitoring from 2010,
2.8 (2.7) with use of viral load monitoring from 2015, 3.1
(3.3) per 100 person-years with use of WHO 4 clinical
rized reproduction of this article is prohibited.
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Fig. 2. Predicted outcomes from 2010–2020. Trends from 2010 to 2020 in (a) proportion of ART-treated patients with viral load
suppression, (b) proportion of patients on ART who are on second-line, (c) proportion of those with viral load above 500 (including
those undiagnosed and hence not on ART) with resistance in majority virus, and (d) proportion of new infections with resistance,
according to timing of introduction of viral load monitoring. Based on mean of 80 runs. Standard deviations and standard errors for
the estimates for 2020 are as follows: (a) VL from 2010: 0.2%, 0.04%, respectively, WHO 4 – VL from 2015: 0.2%, 0.05%,
respectively, WHO 4: 0.3%, 0.05%, respectively; (b) VL from 2010: 0.2%, 0.05%, respectively, WHO 4 – VL from 2015: 0.3%,
0.06%, respectively, WHO 4: 0.1%, 0.03%, respectively; (c) VL from 2010: 0.4%, 0.1%, respectively, WHO 4 – VL from 2015:
0.5%, 0.1%, respectively, WHO 4: 0.5%, 0.1%, respectively; (d) VL from 2010: 1.2%, 0.3%, respectively, WHO 4 – VL from
2015: 1.2%, 0.3%, respectively, WHO 4: 1.7%, 0.3%, respectively. 95% confidence intervals are shown in graph (d) for 2020. For
graphs (a–c) the confidence intervals are not shown as they are hardly discernable from the point estimates shown.
monitoring throughout the period [2.9 (2.7) per 100
person-years with monitoring based on WHO clinical
stage 3 or 4 conditions]. However, if the assumed marked
increase in HIV diagnosis (and hence ART coverage)
since 2010 was not to occur (and the diagnosis rate
remains at the level in 2010), then the death rate in the
HIV-infected population is predicted to be 4.7 per 100
person-years, even with use of viral load monitoring
throughout the decade.
Discussion

Our results suggest that if we are to preserve current first-
line drugs as widespread treatment options for future
generations, there is a long-term need for introduction of
some form of cheap, practical, and sustainable viral load
monitoring in resource-limited settings with generalized
epidemics which can be used in rural as well as urban
settings. This represents a critical challenge for researchers
over the next few years. These tests could be qualitative,
opyright © Lippincott Williams & Wilkins. Unauth
that is do not need to be able to do more than distinguish
those with viral load levels of above and below some low
threshold such as 500 copies/ml. Even very infrequent
(e.g. 3 yearly) monitoring is likely to provide significant
benefit in reducing resistance transmission.

However, delay in introduction of viral load monitoring
of around 5 years, whereas practical assays complete their
development, is likely to result in only a small increase in
transmission of resistant virus, compared with the
theoretical, but not feasible, option of immediate use
of viral load monitoring to determine regimen switching.
We also found that the death rate in HIV-infected
individuals can be lowered more substantially if the
diagnosis rate can be increased to the level assumed in our
main analysis (regardless of use of viral load monitoring),
than by introduction of viral load monitoring that is not
accompanied by an increase in diagnosis rate. These
results indicate that increased and more geographically
widespread testing and treatment access to ensure
universal access to ART in those in need is the highest
priority for resource-limited countries, and that lack of
orized reproduction of this article is prohibited.
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Fig. 3. Uncertainty analysis on difference between viral load
monitoring scenarios in proportion of new infections with
resistance in 2020. Median (and range within which 95% of
values lie, referred to as 95% plausibility limits), difference in
percentage with resistance in 2020 between viral load
monitoring scenarios over 10 000 runs in which parameter
estimates are chosen at random from two or three options,
emphasizing the extremes of plausibility. This illustrates the
overall level of uncertainty in our comparisons.
available viral load or other laboratory monitoring should
not prevent this from occurring [39]. The ability to
deliver a successful ART programme with very low
mortality rates without viral load monitoring has been
demonstrated (DART) [7]. These findings take on an
even greater significance given the increasing limitation
on ART treatment slots with current global financial
constraints. It should be noted, however, that it was not
within the scope of this study to perform an economic
analysis that explicitly takes relative costs of increased HIV
testing and of viral load measurements, thus we are not at
this point able to quantify the trade-off in detail.

The target of eventual introduction of viral load
monitoring is also important for minimizing the
mortality risk of people on ART. Our results (see also
[10]) indicate that there are mortality benefits in treated
people from use of viral load monitoring, albeit relatively
modest when compared with more sensitive clinical
monitoring strategies that also take account of WHO
clinical stage 3 conditions (although to implement such
pyright © Lippincott Williams & Wilkins. Unautho

Table 2. Predicted death rates 2010–2020 for all those with HIV and fo
monitoring and diagnosis rate 2010–2020.

VL from 2010 WHO 4 – VL from 2015

HIV diagnosis rate increase from 2010a

People with HIV 2.7 2.8
People on ART 2.4 2.7

aDiagnosis rate increase as illustrated in Fig. 1.
strategies would require simple clinical algorithms which
would need to be developed and tested in practice and
their feasibility is not yet clear). On the basis of the low
rates of death and clinical disease progression in DART
[7], the clinical monitoring arm as well as the laboratory
monitoring arm, the HIV-related death rates are lower
than those assumed previously [10].

It is important to consider that the cost of viral load
monitoring is not just in the cost of the tests and the
infrastructure but also in the probable resulting increased
number of people on second-line ART, which has a cost
over six times higher (in drug costs alone) than first-line
ART [40]. Most people who are virologically failing first-
line regimens are clinically asymptomatic for a long
period of time. Introduction of viral load monitoring will
only be of value if the cost of second-line (and hopefully,
eventually, third line) regimens is sufficiently low to allow
programmes to afford to adopt virologically determined
switching. This is currently not the case in all countries,
particularly given the projected increase in number of
people who will be on ART, so reductions in prices of
second-line drugs is of critical importance. Only 2% of
people on ARTare on second line [1], but this may reflect
the fact that many people have started ARTonly recently,
in addition to it reflecting the cost and availability of
second-line drugs. It should also be noted that without
viral load testing some people who are not virologically
failing will be inappropriately switched to second line
when virus levels are suppressed [41–43] (a phenomenon
which occurs also in our model [10]), most usually
because of early clinical events in those initiating therapy
at low CD4 cell counts, and viral load testing to confirm
failure is likely to be cost saving for such individuals.

Without eventual introduction of viral load monitoring
and switching of drugs to second line based on virologic
failure it is likely that the choice of standard first-line
drugs in patients starting ARTwill at some point have to
change, due to the high proportion of ART-naive patients
who carry virus resistant to first-line drugs, although our
results suggest this is unlikely to be necessary in the next
10 years. Loss of current drug options over the long
term, due to substantial resistance transmission, might
not have serious negative consequences, if there are
sufficient newly developed and widely available drugs
rized reproduction of this article is prohibited.
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with nonoverlapping resistance profiles. Nevertheless, the
prospect of extensive transmission of virus with NNRTI
mutations associated with resistance to nevirapine and/or
efavirenz would be likely to remain a concern for the
foreseeable future. WHO has recently recommended that
countries move towards replacement of d4T in first-line
regimens with tenofovir, due to reduced toxicity [6]. Use
of such regimens, when they can be afforded, is not likely
to greatly change the implications of our main findings.
Resistance to tenofovir, in the form of the K65R
mutations, does not appear to occur at an appreciably
higher rate compared with the emergence of resistance to
stavudine, in the form of thymidine analogue mutations
[44]. Likewise, it seems likely that our findings would
hold were different second-line nucleoside analogue drug
combinations selected, such as abacavir/didanosine or
tenofovir/emtricitabine, but this will require confir-
mation in future modelling.

In conclusion, transmission of drug resistance represents a
long-term threat to the continued optimal virologic
efficacy of drugs currently used in resource-limited
settings. Eventual introduction of viral load monitoring
to help to determine the need for switching to second-
line regimens will substantially reduce this threat.
However, the number of people living with advanced
HIV infection which is untreated should be the key
priority for national ART programmes. Concern over
lack of viral load monitoring must not be allowed to
inhibit universal roll out of HIV diagnosis and ART
availability over the coming few years.
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