
 

Web appendix 1: Modelling viral load  

Viral load in the mathematical model 

The viral load value is a key parameter of the model which affects disease 

progression and probability of HIV transmission. The viral load is defined on two 

levels, the underlying viral load and the observed viral load: 

Underlying viral load  

The underlying viral load is a continuous function over time from ART start until time 

of death (td), which is defined as a piecewise linear (on log10 scale) function, 

depending on events that the patient can experience. Three key events are defined 

for each patient which determine the viral load trajectory: first-line true treatment 

failure (t1), switch to second-line ART (tS) and second-line true treatment failure (t2). 

The failure times are sampled from specific hazard functions following ART start (1st-

line) or switch (2nd-line), and the time to switch depends on the monitoring strategy. 

Three set point values are also defined for the viral load: baseline (VB), suppressed 

(VS) and failing (VF). Each value is sampled from a normal distribution (on log10 

scale) with given mean and standard deviation. 

The viral load starts from VB, and unless first-line failure occurs within the first 6 

months, decreases linearly to VS within the first 3 months. At the time of failure, it 

increases to the level of VF within one month. The same procedure is repeated when 

the patient switches to 2nd-line ART. Formally, the viral load trajectory can be defined 

as follows: 
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We assumed no variability in the viral load value within the sections.  

Observed viral load 

The second level of viral load is the observed viral load. This is a discrete variable 

which is defined only in strategies with viral load monitoring. A measurement i at time 

ti will have an observed viral load value vi, the type of which depends on the type of 

the viral load test. In this study, we use a qualitative viral load test with a limit of 

detection (LOD) VLOD, i.e. vi  {0,1} for all i, where 0 represents undetectable and 1 

detectable. The value depends on the value of the underlying viral load at the same 

time, V(ti) in the following way: 
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where p(VLOD) is the probability of having a detectable viral load with the particular 

LOD if the underlying viral load is suppressed. In other words, the viral load test is 

assumed to be 100% sensitive, but not specific, for viral load values that are above 

the LOD. The probability of having a detectable viral load when the underlying viral 

load is below the LOD grows gradually from a specified parameter (in case of the 

underlying viral load being suppressed) up to 1. This demonstrates both the currently 
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unexplained short-term low-level viraemia (‘blips’ [1, 2]) and temporary peaks in the 

viral load due to e.g. non-adherence. We call these viral load measurements 

‘detectable viral loads of unknown origin’ (DVU). 

The observed viral load values are used to decide when the patient should be 

switched to second-line ART. According to our definition of virologic failure, two 

successive detectable measurements are needed. However, it is also possible to 

have two consecutive DVUs, and therefore viral load monitoring is not a 100% 

specific strategy to detect true treatment failure. 

Statistical analyses of the viral load 

Most parameters we used for the model are based on statistical analyses that were 

used to parameterise two earlier versions of the model. The methods and results of 

these analyses have been presented elsewhere [3]. Since the focus of this paper is 

on the detection of treatment failure with viral load tests, we updated our true 

treatment failure estimates and analysed the viral load data in more detail. 

Each viral load value on first-line ART after at least 3 months from ART start was 

classified into the following categories: 

- Suppressed (<125 copies/ml) 

- Failing (>125 copies/ml, at least 2 successive measurements, remaining 

above 125 copies/ml until patient switches to second-line therapy) 

- DVU (>125 copies/ml, returns below 125 copies/ml before switching) 

- Censored (>125 copies/ml in last measurement, preceded by suppressed VL) 

 

We performed a regression analysis for true treatment failure. We assumed that 

treatment failure happened between the last suppressed and the first failing 
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measurement, at a time point which was calculated assuming a linear (log10 scale) 

increase in viral load between the observed values (Supplementary Table 2, 

including also parameter estimates from our previous analyses and the literature). 

After that, we calculated the probabilities of DVU with different LODs (Supplementary 

Table 1). 
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Web appendix 2: Modelling HIV transmission 

We modelled the number of expected new infections by defining the viral load 

trajectories for each patient over time (see Web appendix 1 for details) and 

calculating the probability of infecting the partner during each sex act. We assumed a 

prevalence of 15% for new partners (i.e. partnerships that start during ART). Among 

the current partners at the time of ART start, we assumed the prevalence to be 30%. 

The mean duration of the partnership was chosen to be 1 year for the first partner 

(from time of ART start) and 2 years for the subsequent partners, and we assumed a 

constant rate of partner change. Each patient was randomly assigned to one of four 

sexual behaviour groups with frequencies of 10, 25, 50 or 100 sex acts per year.    

We used a relation of individual viral load and transmission probability introduced by 

Quinn et al [4] to estimate the number of new infections each simulated patient could 

cause. The method calculates the probability of transmission p in a single sex act as 

 (  )   (   ) 
     

  

    (1) 

where vl is the viral load on the absolute scale at the time of transmission, vl0 a 

reference viral load for which the transmission probability is known, and k a constant. 

According to Wilson et al [5], we chose k = 2.45, vl0 = 10 copies/ml and p(vl0) = 

4.3*10-5 (male to female) or 2.2*10-5 (female to male).  
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Supplementary Table 1. Probability of detectable viral load of unknown origin 

with different limits of detection.  

LOD (copies/ml) Probability of DVU 

125 6.7% 

400 4.4% 

1 000 3.3% 

5 000 2.2% 

10 000 1.9% 

 

Data from Gugulethu and Khayelitsha antiretroviral therapy (ART) programmes 

(Cape Town, South Africa) were analysed. Detectable viral load of unknown origin 

(DVU) was defined as a viral load above the detection limit which returned to below 

125 copies/ml while still on first-line ART. 

LOD, limit of detection
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Supplementary Table 3. Costs of antiretroviral therapy, appointments, 

measurements and new infections.  

 Cost Source 

Antiretroviral therapy (US$/year)   

 ZDV+3TC+NVP (300/150/200)*) 134 [11] 

 TDF+3TC+EFV (300/300/600)*) 159 [11] 

 (ZDV+3TC)+LPV/r (300/150/200/50)*) 483 [11] 

 (TDF+3TC)+LPV/r (300/300/200/50)*) 448 [11] 

Appointments (US$/visit)   

 incl. staff, capital, admin 9.83 [12] 

Monitoring (US$/test)   

 CD4 test (current practice) 5.43 [13] 

 Viral load test, LOD <1 000 copies/ml 10-20 assumption 

 Viral load test, LOD >1 000 copies/ml 5-20 assumption 

Transmission (US$)   

 Average lifetime cost of one new infection  6400 assumption**) 

 

All costs have been converted to 2012 US dollars using a 3% annual inflation rate. 

ZDV, zidovudine; 3TC, lamivudine; NVP, nevirapine; TDF, tenofovir; EFV, efavirenz; 

LPV/r, ritonavir-boosted lopinavir; LOD, limit of detection 

*)  The averages of the most common first-line (ZDV+3TC+NVP, TDF+3TC+EFV) 

and second-line (ZDV+3TC+LPV/r, TDF+3TC+LPV/r) regimens were used in 

the model. 

**) Assuming each newly infected patient lives 30 years after HIV infection and 

starts ART 5 years after infection. 
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