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1. Relative survival model 

 

Relative survival models evaluate the excess mortality attributable to a particular disease, in a 

cohort of patients with the disease, when compared to the mortality in a comparable group of 

individuals in the general population who do not have the disease [1,2]. The mortality rate in 

a patient with certain characteristics (represented by covariate vector z) can be expressed as 

 

  zβzz exp)()( 0   , 

 

where )(0 z  is the mortality rate that would be expected in an individual with the same 

characteristics who does not have the disease, and β is a vector of coefficients reflecting the 

effect of each of the covariates on the disease-specific mortality. As noted by Dickman et al 

[1], these mortality rates are usually modelled as piecewise constant hazards over different 

intervals of follow-up time, typically of 12-month length. The advantage of this approach is 

that it is simple to relax the assumption of proportional hazards if the hazards in different 

covariate strata do not remain proportional over follow-up. The relative survival approach has 

previously been used by van Sighem et al [3,4] in estimating life expectancies of HIV-

diagnosed adults in the Netherlands, by Bhaskaran et al [5] in assessing mortality trends in 

the CASCADE Collaboration, and by Brinkhof et al [6] in estimating mortality after ART 

initiation in African cohorts. 

 

In the current analysis, we apply the relative survival model separately to male and female 

mortality data, allowing for four covariates: age at ART initiation (x), number of complete 

years since ART initiation (d), CD4 category at ART initiation (i) and cohort (j). Individuals 

are grouped into one of four baseline CD4 categories: CD4 < 50 cells/µl (i = 0), CD4 50-99 

cells/µl (i = 1), CD4 100-199 cells/µl (i = 2) and CD4 of 200 cells/µl or higher (i = 3). 

Mathematically, the model of mortality can be expressed as follows: 

 

  

))()()(exp(),( 0

, jigdxji dddddxdx    ,   (1) 

 

where 0

dx  is the mortality rate that would be expected in HIV-negative individuals, γd is the 

excess HIV mortality at duration d, ηd is the increase in HIV mortality per year of age, 

)(igd is the difference in HIV-specific mortality between individuals in baseline CD4 

category i and individuals with baseline CD4 counts < 50 cells/µl, and )( jd  is the 

difference in HIV mortality between individuals in cohort j and individuals in cohort 4 (all of 

the HIV mortality parameters are defined on the natural log scale). Mortality is assumed to be 

constant over different integer ages and integer durations. The CD4 effect, cohort effect and 

age effect all are assumed to depend on duration, with the model being fitted separately for 

the first 12 months after ART initiation and durations greater than 12 months. The rationale 

for fitting different baseline CD4 effects in different duration categories is that one would 

expect baseline CD4 to be more predictive of mortality during the first few months after 

starting ART than at longer durations [7], when factors affecting the extent of the CD4 



3 

 

response become relatively more significant. The effect of age might also be expected to vary 

in relation to treatment duration: older adults tend to have greater short-term virological 

suppression than younger adults [8-13], but their long-term CD4 recovery is less substantial 

than that in younger adults [11-14]. We also anticipated that the cohort effect on mortality at 

early durations might differ substantially from that at later durations because the 

programmatic factors that influence mortality at early durations are different from those that 

influence mortality at later durations [10,15]. 

 

The duration parameters are estimated separately for each of four intervals: the first 12 

months after starting ART (d = 0), months 13-24 after starting ART (d = 1), months 25-36 

after starting ART (d = 2) and durations of more than 36 months (d = 3). This means that for 

d ≥ 3,  

 

),(),( ,11, jiji dxdx    .        (2) 

 

Over each of these four intervals, the mortality rate is assumed to be constant with respect to 

duration, though the mortality rate can change in relation to age. The assumption of a 

constant mortality rate is not realistic at short durations, but for the purpose of calculating life 

expectancies it is the cumulative survival probability over longer durations that is most 

important, and changing the interval definitions at short durations (for example, to 0-6 

months in the first interval) does not change the life expectancy substantially. Increasing the 

lower limit on the upper duration interval (for example, to more than 48 months) could have a 

more material impact, although we did not find a statistically significant improvement in the 

model fit to the data if we included this additional duration category. 

 

2. Estimation of non-HIV mortality 

 

Due to the lack of vital registration systems in many developing countries [16], direct 

estimates of mortality by age and sex are often not available. To address this problem, life 

tables are often estimated for developing countries by taking ‘standard’ life tables (which 

define mortality rates by individual age and sex) and adjusting these to be consistent with 

aggregate measures of mortality (such as the under-5 mortality rate or probability of death 

between ages 15 and 60), as estimated in local surveys [17]. For example, in the Brass logit 

life table system [18], the proportion of individuals who survive to age x (lx) is modelled 

using the equation 
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where S

xl  is the proportion of individuals who survive to age x in the standard life table. In 

this model there are only two parameters that need to be estimated in adjusting the standard 

life table to the local population: α and β (the former determines the adjustment to the overall 

level of mortality, the latter determines the adjustment to the age gradient in mortality rates). 

 

In South Africa and other countries facing generalized HIV/AIDS epidemics, the use of these 

simple adjustments to standard life tables has become problematic because of the dramatic 
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change in the patterns of mortality (by age and sex) caused by AIDS. One possible solution to 

this problem is to split all-cause mortality into HIV mortality and non-HIV mortality, the 

former being estimated by mathematical models that are fitted to local HIV prevalence data, 

and the latter being estimated through the adjustment of standard life tables (on the 

assumption that AIDS would not substantially change the age pattern of non-HIV mortality). 

This is the process that has been followed in the estimation of mortality rates in the 

ASSA2008 AIDS and Demographic model, published by the Actuarial Society of South 

Africa (ASSA) [19]. The procedure followed is to 

a) use estimates of mortality in 1985 [20], when HIV prevalence in the South African 

population was negligible [21,22], as the standard in the estimation of non-HIV 

mortality; 

b) use the time-dependent Brass logit life table approach to define non-HIV mortality in 

each subsequent year; 

c) use ASSA2008 estimates of HIV-related mortality in each year (based on calibration 

to South African HIV prevalence data from antenatal clinic surveys and household 

surveys); and 

d) vary the α and β parameters and model HIV parameters, through an iterative process, 

until the combined model estimates of all-cause mortality (by age and sex) are 

consistent with the numbers of deaths in each year, as recorded in the National 

Population Register [23], after correcting for under-reporting of deaths. 

 

An obvious limitation of this method is that it involves the estimation of non-HIV mortality 

without any direct data on the cause of death. To the extent that there is uncertainty in the 

model estimates of AIDS mortality, this will lead to uncertainty in estimates of non-HIV 

mortality. The ASSA2008 model makes several assumptions about age distributions of sexual 

activity, rates of HIV mortality in untreated HIV-infected individuals and levels of bias in 

HIV prevalence surveys, all of which influence the level and age distribution of HIV-related 

mortality. These assumptions are subject to significant uncertainty [24], which prevents the 

precise estimation of non-HIV mortality. However, it is important to note that because of the 

very distinct change in the pattern of deaths by age and sex, brought about by AIDS, the age- 

and sex-specific death data over time are actually very informative regarding the extent of 

AIDS mortality, even without cause-of-death data. It is also worth noting that two 

independent assessments, based on cause-of-death data, have validated the estimates of AIDS 

mortality produced by a previous version of the ASSA model [25,26]. Although the non-

AIDS mortality estimates cannot be quantified with pinpoint accuracy, they are likely to be 

roughly of the right order of magnitude. 

 

In the present analysis, we have used the ASSA2008 lite model estimates of non-HIV 

mortality in 2005. Although other years could have been chosen, 2005 was selected because 

it was close to the median date of ART enrolment in the IeDEA-SA collaboration [27], and 

because ART coverage in South Africa in 2005 was still relatively low [28], so that potential 

bias due to mis-specification of mortality on ART would not have been substantial. The 

ASSA2008 estimates of non-HIV mortality do not change substantially by year; for example, 

annual non-HIV mortality probabilities in 40-year old men drop steadily from 0.0079 in 2000 

to 0.0074 in 2007, and corresponding probabilities in 40-year old women drop from 0.0041 in 

2000 to 0.0037 in 2007. Estimates of non-HIV mortality would therefore not change 

substantially if alternative years were selected. 
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3. Calculation of life expectancies 

 

We define ),(, jil dx
 to be the proportion of individuals starting ART at exact age x, in CD4 

category i and cohort j, who survive for d years ( 1),(0, jilx
). The proportion of individuals 

who survive for 1 year is 

 

  ),(exp),(),( 0,0,1, jijiljil xxx  . 

 

Similarly, the proportion who survive for 2 years is 

 

  ),(exp),(),( 1,1,2, jijiljil xxx  , 

 

and the proportion who survive for d years (where d is an integer > 3) is 

 

  ),(exp),(),( 1,1,, jijiljil dxdxdx     

  ),(exp),( 3,41, jijil dxdx    , 

 

the latter result following from equation (2). Although we have defined ),(, jil dx  only for 

integer values of d, it can be considered a continuous function of d. The life expectancy of an 

individual starting ART at age x, in CD4 category i and cohort j, is then defined as 
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where ),(/1),( 2,992,99 jijie  . As there are very few individuals who would be expected to 

survive to age 101, the use of the approximation to the life expectancy at age 101 (which 

effectively assumes constant mortality after age 101) has negligible effect on the accuracy of 

),( jiex , provided x << 100. The life expectancy of an individual who started ART at age x 

and has survived for 2 years is similarly calculated as 
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for x < 99. 
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4. Comparison with mortality in uninfected individuals 

 

The life expectancies that are calculated using the relative survival model are compared with 

the life expectancies that would be expected in HIV-negative South Africans of the same age 

and sex. Because these HIV-negative life expectancies are calculated using mortality rates in 

HIV-negative individuals, they represent the life expectancies of individuals who remain 

HIV-negative in future, and are therefore higher than the life expectancies of currently HIV-

negative individuals who may become infected with HIV in future (this difference may be 

substantial due to the high lifetime risk of HIV in many African countries [24,29-31]).  

 

The non-HIV mortality rates are also used in calculating the proportion of patients who are 

expected to die from non-HIV causes. The probability that death is unrelated to HIV, for an 

individual starting ART at exact age x, in CD4 category i and cohort j, is 
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5. Calculation of likelihood function 

 

For individuals in CD4 category i and cohort j at the time of ART initiation, aged x in the first 

12 months after starting ART, we define ),(0, jiYx  to be the person-years of observation and 

),(0, jiRx  to be the number of deaths during the first 12 months after starting ART. 

Observation time is censored upon turning age x + 1 and deaths exclude those that occur after 

turning age x + 1. Observation time includes individuals who turned age x during their first 

year after starting ART, with observation time starting from when they turned x. It is assumed 

that deaths are Poisson-distributed, with the expected number of deaths being  

 

 ),(),( 0,0, jijiY xx  , 

 

where ),(0, jix  is the mortality rate predicted by the relative survival model in equation (1). 

The likelihood of observing )(0, iRx  deaths is thus 
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The log of the likelihood, for all ages, cohorts and CD4 categories, is 
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The likelihood L0 can be considered a function of ten parameters from equation (1): γ0, η0, 

)1(0g , )2(0g , )3(0g , )1(0 , )2(0 , )3(0 , )5(0  and )6(0 . 

 

Similarly, for individuals aged x in the second 12 months after starting ART, in CD4 category 

i and cohort j at the time of ART initiation, we define ),(1,1 jiYx
 to be the number of person-

years of observation and ),(1,1 jiRx  to be the number of deaths, during the second 12 months 

after starting ART. The log likelihood for the second 12 months after starting ART, )log( 1L , 

is calculated using a formula similar to that in equation (4), and is a function of the 

parameters γ1, η1, )1(1g , )2(1g , )3(1g , )1(1 , )2(1 , )3(1 , )5(1  and )6(1 . 

 

The log likelihood is similarly defined for durations 25-36 months and >36 months. 

However, in the interests of parsimony, the η, g and θ parameters are assumed to be the same 

as those over the 13-24 month duration, so that the only additional parameters specific to the 

later durations are γ2 and γ3. This means that one maximum likelihood model is fitted for all 

durations greater than 12 months. 

 

Although we have not included subscripts to indicate sex, all analyses are conducted 

separately for males and females. There are thus four separate models fitted to the IeDEA 

Southern Africa data (for 0-12 and >12 month duration categories and for males and females 

separately). The ),(, jiY ddx  and ),(, jiR ddx  values are generated for each of the four models 

using STATA version 11.0 (StataCorp, College Station, TX, USA). 

 

6. Relative survival model parameter estimates 

 

Relative survival model estimates for males and females, over each of the two duration 

categories, are shown in Table 1, together with average mortality rates. Mortality rates were 

substantially higher during the first 12 months after starting ART than over subsequent 

durations. Excess HIV mortality increased in relation to age in all four analyses, and was 

significantly lower in patients starting ART at higher CD4 counts. Excess HIV mortality also 

differed significantly between cohorts. 

 

To assess whether the number of duration categories was appropriate, we reran the model 

replacing the upper duration category (>36 months) with two categories (37-48 months and 

>48 months). This did not significantly improve the fit of the model, either in males (p = 

0.33) or females (p = 0.22), and the γd parameters in the >48 month category were no lower 

than those in the 36-48 month category. We also reran the model to assess whether a more 

parsimonious model with only three duration categories might be more appropriate; for this 

analysis we combined the 25-36 and >36 month categories into a single category. However, 

we found that the model with four duration categories provided a substantially better fit to the 

data, both in men (p = 0.061) and women (p = 0.003). 

 

In selecting the final model, we also considered whether year of ART initiation might be a 

significant explanatory variable. The cohort was separated into individuals who started ART 

up to 2005 and individuals who started ART after 2005. The effect of starting ART after 

2005 did not prove to have a significant effect on male mortality during the first year after 
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ART initiation (HR 0.99, p = 0.80), female mortality during the first year after ART initiation 

(HR 1.01, p = 0.81), male mortality after the first year (HR 0.89, p = 0.35) or female 

mortality after the first year (HR 1.06, p = 0.64). As a result, we did not include year of ART 

initiation as a variable in our final model. 
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Table 1: Mortality rates and model estimates 

 
Symbol 

Males, by time since ART start Females, by time since ART start 

 <12 month >12 months <12 month >12 months 

Number of deaths  2,020 668 2,436 658 

Person years  11,575 15,350 19,005 23,584 

Crude mortality rate per PYO  0.1745 0.0435 0.1282 0.0279 

      

Excess HIV mortality exp(γd) 0.155 (0.120-0.199) 0.036 (0.021-0.062) 0.166 (0.137-0.202) 0.028 (0.018-0.044) 

Relative HIV mortality at      

      Durations 25-36 months exp(γ2 – γ1) - 0.63 (0.50-0.80) - 0.62 (0.50-0.77) 

      Durations >36 months exp(γ3 – γ1) - 0.44 (0.31-0.63) - 0.35 (0.24-0.52) 

Increase in HIV mortality for  

      each 10-year increase in age 

exp(10ηd) 1.08 (1.02-1.14) 1.13 (1.01-1.28) 1.07 (1.02-1.12) 1.09 (0.98-1.22) 

Hazard ratio relative to CD4 <50      

      Baseline CD4 50-99 exp(gd(1)) 0.56 (0.50-0.63) 0.68 (0.52-0.89) 0.46 (0.42-0.52) 0.69 (0.54-0.87) 

      Baseline CD4 100-199 exp(gd(2)) 0.31 (0.27-0.35) 0.55 (0.43-0.70) 0.24 (0.22-0.27) 0.56 (0.45-0.69) 

      Baseline CD4 200+ exp(gd(3)) 0.18 (0.15-0.23) 0.57 (0.41-0.80) 0.23 (0.19-0.27) 0.37 (0.26-0.53) 

Hazard ratio relative to cohort 4      

      Cohort 1 exp(θd(1)) 1.51 (1.25-1.81) 1.55 (1.07-2.24) 1.24 (1.08-1.43) 1.28 (0.93-1.76) 

      Cohort 2 exp(θd(2)) 2.25 (1.90-2.67) 1.00 (0.70-1.42) 2.14 (1.89-2.43) 1.43 (1.08-1.90) 

      Cohort 3 exp(θd(3)) 1.44 (1.17-1.76) 1.02 (0.70-1.50) 0.89 (0.54-1.46) 1.19 (0.52-2.71) 

      Cohort 5 exp(θd(5)) 1.23 (1.03-1.48) 0.90 (0.63-1.31) 1.01 (0.88-1.16) 1.20 (0.90-1.60) 

      Cohort 6 exp(θd(6)) 0.72 (0.55-0.95) 0.13 (0.03-0.63) 0.62 (0.49-0.79) 0.18 (0.06-0.58) 
95% confidence intervals are shown in brackets. PYO = person-year of observation.  
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7. Comparison with abridged life table method 

 

Table 2 compares estimates of life expectancy by age, sex and baseline CD4 count, calculated 

using three different methods. The relative survival model (RS) is the model described 

previously and in the main text. Two approaches to applying the abridged life table method 

are considered: an approach in which means and standard errors are calculated using 

parametric bootstrapping (with 1000 replications), and the more widely-used approach, 

developed by Chiang, in which Taylor series are used to approximate the standard errors 

[32,33].  

 

The relative survival approach yields higher estimates of life expectancy than the abridged 

life table approaches at young ages, and the extent of this difference is greatest in patients 

starting ART at low CD4 counts. At older ages, in patients starting ART with CD4 ≥200 

cells/μl, the abridged life table methods yield slightly higher estimates of life expectancy than 

the relative survival approach. The abridged life table approach does not take into 

consideration differences in mortality rates by duration, and recently-enrolled individuals 

who are at a high mortality risk are therefore over-represented if there is a short average 

follow-up time. The differences in mortality by duration are greatest in individuals who start 

ART at very low CD4 counts (Table 1), and the extent of the bias in estimating life 

expectancy using abridged life tables is therefore greatest in low CD4 categories.  

 

The narrowing of the difference between the relative survival and abridged life table 

estimates at the older ages is likely to be because of the assumption, made in the abridged life 

table method, that mortality rates are constant in the upper age interval. If mortality rates are 

actually increasing in relation to age over the upper age interval (55+ in this analysis), then 

estimating a constant mortality rate based on individuals who tend to be at the lower end of 

the interval can lead to significant over-estimation of the life expectancy in the upper age 

interval. This bias offsets the bias described in the previous paragraph, so that the abridged 

life table method under-estimates life expectancy by less at older ages than at younger ages, 

and might even over-estimate life expectancy. 

 

Although average estimates of life expectancy are similar when comparing the abridged life 

table method with bootstrapping (ALB) and the abridged life table method developed by 

Chiang (ALC), the Chiang method yields substantially lower standard error estimates, 

particularly for patients starting ART at older ages. This is likely to be because the Chiang 

method ignores uncertainty regarding the mortality rate in the upper age interval. This would 

not be a major source of discrepancy if relatively few patients survived to the upper age 

interval, but because the lower limit on the upper age interval is relatively low in this analysis 

(age 55), ignoring the uncertainty in the upper age interval leads to substantial exaggeration 

of precision. This exaggeration of precision is greatest for those patients starting ART who 

have the greatest probability of surviving to age 55, i.e. older patients and patients starting 

ART with high CD4 counts. The relatively small number of deaths in women aged 55+ with 

baseline CD4 ≥200 cells/μl leads to substantial instability when using the abridged life table 

method with bootstrapping, making comparison with the other methods difficult for older 

women with high baseline CD4 counts. 
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Table 2: Comparison of life expectancy estimates from the relative survival model (RS), abridged life table method with bootstrapping (ALB) 

and abridged life table method developed by Chiang (ALC) 

 Baseline CD4 <50 Baseline CD4 50-99 Baseline CD4 100-199 Baseline CD4 200+ 

 RS ALB ALC RS ALB ALC RS ALB ALC RS ALB ALC 

Men             

   Age 25 19.8 

(1.20) 

5.9 

(0.34) 

5.9 

(0.31) 

25.0 

(1.30) 

8.8 

(0.76) 

8.8 

(0.70) 

28.1 

(1.25) 

14.7 

(0.74) 

14.7 

(0.71) 

28.7 

(1.56) 

21.4 

(1.72) 

20.7 

(0.68) 

   Age 35 16.3 

(0.92) 

6.5 

(0.23) 

6.4 

(0.21) 

20.5 

(0.99) 

10.0 

(0.49) 

10.0 

(0.42) 

23.1 

(0.95) 

13.8 

(0.54) 

13.7 

(0.44) 

23.6 

(1.19) 

18.8 

(1.81) 

18.3 

(0.42) 

   Age 45 12.7 

(0.71) 

5.7 

(0.33) 

5.7 

(0.24) 

16.0 

(0.74) 

8.5 

(0.69) 

8.4 

(0.45) 

18.0 

(0.70) 

11.8 

(0.72) 

11.8 

(0.43) 

18.4 

(0.88) 

17.4 

(2.59) 

16.6 

(0.39) 

   Age 55 9.5 

(0.53) 

5.2 

(0.69) 

5.1 

(-) 

11.8 

(0.53) 

9.6 

(1.63) 

9.5 

(-) 

13.3 

(0.50) 

10.0 

(1.19) 

9.9 

(-) 

13.7 

(0.61) 

17.9 

(4.31) 

16.4 

(-) 

Women             

   Age 25 27.2 

(1.58) 

7.0 

(0.25) 

7.0 

(0.25) 

33.7 

(1.53) 

13.7 

(0.59) 

13.7 

(0.52) 

36.9 

(1.39) 

20.1 

(0.70) 

20.1 

(0.49) 

39.6 

(1.32) 

23.4 

(4.19) 

21.4 

(0.46) 

   Age 35 22.6 

(1.25) 

7.8 

(0.29) 

7.7 

(0.27) 

27.9 

(1.20) 

13.1 

(0.79) 

13.0 

(0.53) 

30.6 

(1.09) 

17.6 

(0.89) 

17.5 

(0.49) 

32.6 

(1.02) 

21.8 

(5.93) 

18.9 

(0.45) 

   Age 45 18.0 

(0.97) 

6.9 

(0.41) 

6.8 

(0.34) 

22.2 

(0.91) 

12.4 

(1.31) 

12.1 

(0.62) 

24.3 

(0.82) 

14.5 

(1.25) 

14.3 

(0.52) 

25.7 

(0.76) 

20.9 

(9.01) 

16.5 

(0.45) 

   Age 55 13.7 

(0.72) 

4.4 

(0.66) 

4.3 

(-) 

16.8 

(0.66) 

10.5 

(2.34) 

10.1 

(-) 

18.4 

(0.59) 

13.1 

(2.09) 

12.9 

(-) 

19.3 

(0.53) 

24.0 

(16.1) 

16.2 

(-) 
Standard errors are shown in brackets. 
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In summary, the abridged life table method has three potential limitations when it is used to 

estimate life expectancies of HIV-positive patients starting ART. Firstly, the method does not 

take into account differences in mortality by duration, and this is likely to lead to under-

estimation of life expectancy if average follow-up time is short, especially in patients starting 

ART at low CD4 counts. Secondly, the method assumes a constant rate of mortality in the 

upper age interval, which is likely to lead to the life expectancy in the upper age interval (and 

at older ages) being over-estimated. Thirdly, the method recommended by Chiang for 

calculating standard errors tends to exaggerate the precision associated with the life 

expectancy, particularly at older ages. 

 

8. Comparison with estimates obtained using imputation 

 

For 6,156 (14.0%) of the eligible adults starting ART, no CD4 measurement was available in 

the period between 182 days before and 14 days after starting ART. Multiple imputation by 

chained equations [34] was used to assign baseline CD4 values to these patients with missing 

CD4 values. Imputation was conducted using the ICE command in Stata 11.0 (StataCorp, 

College Station, TX, USA), with five imputations. The observed CD4 values were 

transformed using a square root transformation before the imputation was conducted, in order 

to achieve a more ‘normal’ distribution of baseline CD4 values. The imputation model 

included age, sex, CD4 count (on square root scale), year, cohort, outcome, time to outcome 

and inverse probability weight. 

 

Life expectancies calculated using multiple imputation (MI) are compared with those 

calculated after excluding patients with missing baseline CD4 counts (EX), in Table 3. In all 

age and baseline CD4 strata, life expectancies estimated using multiple imputation of missing 

baseline CD4 values are very similar to those obtained in the main analysis, and standard 

error estimates tend to be lower when missing baseline CD4 values are imputed. 
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Table 3: Comparison of life expectancy estimates obtained when excluding patients with 

missing baseline CD4 counts (EX) and when using multiple imputation (MI) to assign 

baseline CD4 values to patients with missing information 

 CD4 <50 CD4 50-99 CD4 100-199 CD4 200+ 

 EX MI EX MI EX MI EX MI 

Men         

   Age 25 19.8 

(1.20) 

19.8 

(1.08) 

25.0 

(1.30) 

25.2 

(1.28) 

28.1 

(1.25) 

28.4 

(1.11) 

28.7 

(1.56) 

29.9 

(1.39) 

   Age 35 16.3 

(0.92) 

16.2 

(0.82) 

20.5 

(0.99) 

20.6 

(0.97) 

23.1 

(0.95) 

23.2 

(0.85) 

23.6 

(1.19) 

24.5 

(1.05) 

   Age 45 12.7 

(0.71) 

12.6 

(0.63) 

16.0 

(0.74) 

16.0 

(0.71) 

18.0 

(0.70) 

18.0 

(0.63) 

18.4 

(0.88) 

19.0 

(0.76) 

   Age 55 9.5 

(0.53) 

9.4 

(0.48) 

11.8 

(0.53) 

11.8 

(0.51) 

13.3 

(0.50) 

13.3 

(0.45) 

13.7 

(0.61) 

14.0 

(0.52) 

Women         

   Age 25 27.2 

(1.58) 

27.1 

(1.25) 

33.7 

(1.53) 

33.7 

(1.23) 

36.9 

(1.39) 

37.0 

(1.04) 

39.6 

(1.32) 

39.7 

(1.05) 

   Age 35 22.6 

(1.25) 

22.5 

(0.98) 

27.9 

(1.20) 

27.9 

(0.96) 

30.6 

(1.09) 

30.7 

(0.81) 

32.6 

(1.02) 

32.7 

(0.80) 

   Age 45 18.0 

(0.97) 

18.0 

(0.75) 

22.2 

(0.91) 

22.2 

(0.73) 

24.3 

(0.82) 

24.4 

(0.61) 

25.7 

(0.76) 

25.8 

(0.58) 

   Age 55 13.7 

(0.72) 

13.6 

(0.56) 

16.8 

(0.66) 

16.8 

(0.52) 

18.4 

(0.59) 

18.4 

(0.44) 

19.3 

(0.53) 

19.3 

(0.40) 
Standard errors are shown in brackets. 

 

 

9. Comparison with estimates obtained when excluding patients 

without ID 

 

Excluding patients without recorded IDs from the analysis reduces the number of patients 

from 37,740 to 30,287. Because the analysis is limited only to patients whose vital status can 

be established through the national population register, it is not necessary to make any 

assumptions about mortality in patients who are lost to follow-up, or to apply inverse 

probability weighting. Analysis closure is defined to be the date 30 days prior to the date at 

which the vital status of the patient is last checked against the population register (the interval 

of 30 days was included to allow for potential delays in the reporting of deaths). This is later 

than the analysis closure date calculated if follow-up after 6 months prior to the last visit is 

excluded (the approach that is used in the main analysis for the purpose of identifying LTFU 

cases). As a result, the average follow-up time in this subset of patients (2.75 years) is longer 

than that in the main analysis (1.84 years). 

 

Table 4 shows the estimates of the parameters in the model. Mortality after the first 12 

months of ART was found to be significantly lower in men starting ART after 2006 than in 

men starting ART up to 2006 (HR 0.69, 95% CI: 0.55-0.87) and lower in women starting 

ART after 2006 than in women starting ART up to 2006, though the female difference was 

only of borderline significance (HR 0.83, 95% CI: 0.67-1.02). Life expectancies were 

therefore calculated separately for patients with IDs starting ART up to 2006 and after 2006, 

and compared with the estimates from the main analysis (Table 5). For male patients with 
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IDs, starting ART up to 2006, life expectancies were substantially higher than those in the 

main analysis – by 15-20% in patients with baseline CD4 values <50 cells/μl and by about 

10% in other CD4 categories. This is likely to be due to the longer follow-up in the sensitivity 

analysis, which led to a relatively low estimate of relative mortality at durations >36 months 

(HR 0.28 in Table 4 compared to HR 0.44 in Table 1). For female patients with IDs, starting 

ART up to 2006, life expectancies were similar to those in the main analysis. Standard errors 

were smaller in the sensitivity analysis than in the main analysis, due to the greater number of 

person years at the longer follow-up durations.  

 

Life expectancies in patients with recorded ID were higher when comparing those starting 

ART after 2006 to those starting ART up to 2006. The relative difference was greatest in 

those patients starting ART at low CD4 counts and at younger ages. 
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Table 4: Mortality rates and model estimates when analysis is restricted to patients with recorded ID numbers 

 
Symbol 

Males, by time since ART start Females, by time since ART start 

 <12 month >12 months <12 month >12 months 

Number of deaths  1,707 760 1,970 774 

Person years  10,445 20,969 16,481 35,304 

Crude mortality rate per PYO  0.1634 0.0362 0.1195 0.0219 

      

Excess HIV mortality exp(γd) 0.109 (0.079-0.150) 0.024 (0.012-0.046) 0.096 (0.075-0.123) 0.019 (0.012-0.032) 

Relative HIV mortality at      

      Durations 25-36 months exp(γ2 – γ1) - 0.62 (0.50-0.78) - 0.56 (0.45-0.69) 

      Durations >36 months exp(γ3 – γ1) - 0.28 (0.20-0.40) - 0.40 (0.30-0.52) 

Increase in HIV mortality for  

      each 10-year increase in age 

exp(10ηd) 1.11 (1.04-1.17) 1.03 (0.91-1.15) 1.10 (1.05-1.16) 1.04 (0.93-1.16) 

Hazard ratio relative to CD4 <50      

      Baseline CD4 50-99 exp(gd(1)) 0.57 (0.50-0.65) 0.81 (0.62-1.05) 0.48 (0.42-0.54) 0.75 (0.60-0.94) 

      Baseline CD4 100-199 exp(gd(2)) 0.31 (0.27-0.35) 0.61 (0.48-0.77) 0.25 (0.22-0.28) 0.51 (0.41-0.63) 

      Baseline CD4 200+ exp(gd(3)) 0.20 (0.16-0.25) 0.59 (0.42-0.83) 0.22 (0.19-0.27) 0.38 (0.27-0.54) 

Hazard ratio relative to cohort 4      

      Cohort 1 exp(θd(1)) 1.93 (1.48-2.51) 3.36 (1.97-5.73) 1.93 (1.56-2.38) 2.53 (1.75-3.66) 

      Cohort 2 exp(θd(2)) 3.03 (2.36-3.88) 2.49 (1.53-4.54) 3.42 (2.82-4.16) 2.70 (1.89-3.86) 

      Cohort 3 exp(θd(3)) 1.90 (1.45-2.49) 2.63 (0.70-1.50) 1.45 (0.86-2.44) 2.20 (0.93-5.21) 

      Cohort 5 exp(θd(5)) 1.01 (0.77-1.33) 1.38 (0.78-2.43) 1.04 (0.84-1.29) 1.47 (1.00-2.17) 

      Cohort 6 exp(θd(6)) 1.29 (0.92-1.82) 0.50 (0.18-1.37) 1.57 (1.20-2.07) 0.27 (0.09-0.79) 

Relative HIV mortality if      

      starting ART after 2006 - 0.92 (0.82-1.03) 0.69 (0.55-0.87) 0.92 (0.84-1.02) 0.83 (0.67-1.02) 
95% confidence intervals are shown in brackets. PYO = person-year of observation. 
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Table 5: Comparison of life expectancy estimates using all patient records and only records of patients with IDs (by year of ART initiation) 

 Baseline CD4 <50 Baseline CD4 50-99 Baseline CD4 100-199 Baseline CD4 200+ 

 All ID patients All ID patients All ID patients All ID patients 

 patients ≤2006 >2006 patients ≤2006 >2006 patients ≤2006 >2006 patients ≤2006 >2006 

Men             

   Age 25 19.8 

(1.20) 

23.8 

(1.02) 

26.3 

(1.07) 

25.0 

(1.30) 

27.5 

(1.09) 

29.8 

(1.05) 

28.1 

(1.25) 

30.9 

(0.90) 

32.9 

(0.86) 

28.7 

(1.56) 

31.8 

(1.16) 

33.8 

(1.05) 

   Age 35 16.3 

(0.92) 

19.5 

(0.73) 

21.4 

(0.76) 

20.5 

(0.99) 

22.7 

(0.78) 

24.4 

(0.75) 

23.1 

(0.95) 

25.4 

(0.64) 

26.9 

(0.61) 

23.6 

(1.19) 

26.2 

(0.83) 

27.6 

(0.75) 

   Age 45 12.7 

(0.71) 

15.1 

(0.54) 

16.4 

(0.54) 

16.0 

(0.74) 

17.6 

(0.56) 

18.8 

(0.52) 

18.0 

(0.70) 

19.8 

(0.45) 

20.7 

(0.42) 

18.4 

(0.88) 

20.4 

(0.57) 

21.3 

(0.51) 

   Age 55 9.5 

(0.53) 

11.0 

(0.41) 

11.9 

(0.39) 

11.8 

(0.53) 

12.9 

(0.40) 

13.7 

(0.36) 

13.3 

(0.50) 

14.5 

(0.32) 

15.1 

(0.28) 

13.7 

(0.61) 

15.0 

(0.38) 

15.6 

(0.33) 

Women             

   Age 25 27.2 

(1.58) 

27.9 

(1.24) 

29.7 

(1.34) 

33.7 

(1.53) 

33.2 

(1.29) 

34.9 

(1.32) 

36.9 

(1.39) 

37.7 

(1.03) 

39.0 

(1.01) 

39.6 

(1.32) 

39.6 

(1.08) 

40.7 

(1.04) 

   Age 35 22.6 

(1.25) 

23.2 

(1.00) 

24.7 

(1.05) 

27.9 

(1.20) 

27.7 

(1.03) 

29.0 

(1.03) 

30.6 

(1.09) 

31.3 

(0.81) 

32.3 

(0.77) 

32.6 

(1.02) 

32.8 

(0.82) 

33.6 

(0.78) 

   Age 45 18.0 

(0.97) 

18.5 

(0.81) 

19.6 

(0.82) 

22.2 

(0.91) 

22.2 

(0.80) 

23.1 

(0.77) 

24.3 

(0.82) 

24.9 

(0.63) 

25.6 

(0.58) 

25.7 

(0.76) 

25.9 

(0.60) 

26.5 

(0.57) 

   Age 55 13.7 

(0.72) 

14.0 

(0.63) 

14.8 

(0.62) 

16.8 

(0.66) 

16.8 

(0.59) 

17.4 

(0.56) 

18.4 

(0.59) 

18.8 

(0.46) 

19.3 

(0.41) 

19.3 

(0.53) 

19.5 

(0.42) 

19.9 

(0.39) 
Standard errors are shown in brackets. 
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10. Comparison with life expectancy estimates 24 months after 

starting ART 

 

Table 6 shows that the life expectancies calculated for individuals who have survived 24 

months after starting ART are substantially greater than the life expectancies of individuals of 

the same age who have just started therapy. This difference is a reflection of the high 

mortality risk that exists during the first two years after starting ART, and is proportionally 

greatest in individuals starting ART with CD4 counts <50 cells/μl. 

 

Table 6: Comparison of life expectancy estimates at ART initiation and 24 months after ART 

initiation 

 CD4 <50 CD4 50-99 CD4 100-199 CD4 200+ 

 ART 

start 

24 

months 

ART 

start 

24 

months 

ART 

start 

24 

months 

ART 

start 

24 

months 

Men         

   Age 25 19.8 

(1.20) 

25.2 

(1.67) 

25.0 

(1.30) 

28.6 

(1.59) 

28.1 

(1.25) 

32.8 

(1.44) 

28.7 

(1.56) 

35.5 

(1.36) 

   Age 35 16.3 

(0.92) 

21.0 

(1.32) 

20.5 

(0.99) 

23.7 

(1.24) 

23.1 

(0.95) 

26.9 

(1.09) 

23.6 

(1.19) 

28.8 

(1.01) 

   Age 45 12.7 

(0.71) 

16.8 

(1.03) 

16.0 

(0.74) 

18.7 

(0.93) 

18.0 

(0.70) 

20.9 

(0.78) 

18.4 

(0.88) 

22.2 

(0.71) 

   Age 55 9.5 

(0.53) 

12.7 

(0.77) 

11.8 

(0.53) 

14.0 

(0.67) 

13.3 

(0.50) 

15.4 

(0.53) 

13.7 

(0.61) 

16.2 

(0.46) 

Women         

   Age 25 27.2 

(1.58) 

33.9 

(1.72) 

33.7 

(1.53) 

37.4 

(1.47) 

36.9 

(1.39) 

41.4 

(1.13) 

39.6 

(1.32) 

45.4 

(0.69) 

   Age 35 22.6 

(1.25) 

28.5 

(1.37) 

27.9 

(1.20) 

31.3 

(1.15) 

30.6 

(1.09) 

34.2 

(0.87) 

32.6 

(1.02) 

37.1 

(0.52) 

   Age 45 18.0 

(0.97) 

23.1 

(1.06) 

22.2 

(0.91) 

25.0 

(0.87) 

24.3 

(0.82) 

27.1 

(0.64) 

25.7 

(0.76) 

29.1 

(0.37) 

   Age 55 13.7 

(0.72) 

17.8 

(0.77) 

16.8 

(0.66) 

19.1 

(0.62) 

18.4 

(0.59) 

20.4 

(0.44) 

19.3 

(0.53) 

21.7 

(0.25) 

 

11. Comparison with alternative non-HIV mortality assumptions 

 

The model was refitted after increasing the assumed non-HIV mortality rates to levels 50% 

above those estimated in the ASSA2008 model. This led to a reduction in life expectancy in 

all age and CD4 strata (Table 7). The reduction was proportionally greatest in older 

individuals, in women and in individuals starting ART at higher CD4 counts. As shown in 

Figure 2 of the main text, these are likely to be the groups in which non-HIV mortality 

accounts for a relatively high proportion of deaths. 
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Table 7: Comparison of life expectancy estimates using different non-HIV mortality 

assumptions 

 CD4 <50 CD4 50-99 CD4 100-199 CD4 200+ 

 Base 

non-

HIV 

rates 

Base 

× 1.5 

Base 

non-

HIV 

rates 

Base 

× 1.5 

Base 

non-

HIV 

rates 

Base 

× 1.5 

Base 

non-

HIV 

rates 

Base 

× 1.5 

Men         

   Age 25 19.8 

(1.20) 

19.3 

(1.11) 

25.0 

(1.30) 

24.1 

(1.13) 

28.1 

(1.25) 

27.0 

(1.00) 

28.7 

(1.56) 

27.6 

(1.26) 

   Age 35 16.3 

(0.92) 

15.8 

(0.78) 

20.5 

(0.99) 

19.6 

(0.80) 

23.1 

(0.95) 

21.9 

(0.69) 

23.6 

(1.19) 

22.5 

(0.89) 

   Age 45 12.7 

(0.71) 

12.2 

(0.55) 

16.0 

(0.74) 

14.9 

(0.54) 

18.0 

(0.70) 

16.6 

(0.46) 

18.4 

(0.88) 

17.1 

(0.58) 

   Age 55 9.5 

(0.53) 

8.8 

(0.38) 

11.8 

(0.53) 

10.6 

(0.35) 

13.3 

(0.50) 

11.8 

(0.29) 

13.7 

(0.61) 

12.2 

(0.36) 

Women         

   Age 25 27.2 

(1.58) 

26.4 

(1.35) 

33.7 

(1.53) 

32.2 

(1.27) 

36.9 

(1.39) 

35.0 

(1.12) 

39.6 

(1.32) 

37.2 

(0.99) 

   Age 35 22.6 

(1.25) 

21.7 

(0.98) 

27.9 

(1.20) 

26.3 

(0.91) 

30.6 

(1.09) 

28.5 

(0.80) 

32.6 

(1.02) 

30.1 

(0.70) 

   Age 45 18.0 

(0.97) 

16.9 

(0.70) 

22.2 

(0.91) 

20.4 

(0.63) 

24.3 

(0.82) 

22.1 

(0.55) 

25.7 

(0.76) 

23.1 

(0.47) 

   Age 55 13.7 

(0.72) 

12.4 

(0.48) 

16.8 

(0.66) 

14.9 

(0.41) 

18.4 

(0.59) 

16.1 

(0.35) 

19.3 

(0.53) 

16.7 

(0.30) 

 

12. Comparison with negative binomial model 

 

We tested the validity of the Poisson assumption using the test for over-dispersion 

recommended by Dean and Lawless [35]. Although we found no evidence against the 

Poisson assumption when restricting the analysis to patients with IDs, we found that in the 

main analysis, where we used inverse probability weighting to increase the weight assigned 

to individuals with IDs who were lost to follow-up, there was evidence of over-dispersion, 

both in males (p < 0.001) and in females (p < 0.001). We therefore performed a sensitivity 

analysis to assess whether the results changed when using a negative binomial model, which 

is more appropriate in cases where there is significant over-dispersion. Average life 

expectancy estimates were almost identical to those obtained using the Poisson model, 

although standard error estimates tended to be slightly higher when using the negative 

binomial model (Table 8). 
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Table 8: Comparison of life expectancy estimates obtained using a Poisson model (PM) and a 

negative binomial model (NBM) 

 CD4 <50 CD4 50-99 CD4 100-199 CD4 200+ 

 PM NBM PM NBM PM NBM PM NBM 

Men         

   Age 25 19.8 

(1.20) 

19.9 

(1.29) 

25.0 

(1.30) 

25.1 

(1.47) 

28.1 

(1.25) 

27.9 

(1.29) 

28.7 

(1.56) 

28.5 

(1.69) 

   Age 35 16.3 

(0.92) 

16.4 

(0.98) 

20.5 

(0.99) 

20.6 

(1.11) 

23.1 

(0.95) 

22.9 

(0.97) 

23.6 

(1.19) 

23.5 

(1.27) 

   Age 45 12.7 

(0.71) 

12.8 

(0.75) 

16.0 

(0.74) 

16.0 

(0.81) 

18.0 

(0.70) 

17.9 

(0.72) 

18.4 

(0.88) 

18.4 

(0.93) 

   Age 55 9.5 

(0.53) 

9.5 

(0.56) 

11.8 

(0.53) 

11.9 

(0.57) 

13.3 

(0.50) 

13.2 

(0.51) 

13.7 

(0.61) 

13.7 

(0.64) 

Women         

   Age 25 27.2 

(1.58) 

27.3 

(1.68) 

33.7 

(1.53) 

33.6 

(1.67) 

36.9 

(1.39) 

36.3 

(1.55) 

39.6 

(1.32) 

39.6 

(1.46) 

   Age 35 22.6 

(1.25) 

22.5 

(1.33) 

27.9 

(1.20) 

27.8 

(1.31) 

30.6 

(1.09) 

30.1 

(1.23) 

32.6 

(1.02) 

32.5 

(1.14) 

   Age 45 18.0 

(0.97) 

17.8 

(1.03) 

22.2 

(0.91) 

22.0 

(1.00) 

24.3 

(0.82) 

23.9 

(0.94) 

25.7 

(0.76) 

25.6 

(0.85) 

   Age 55 13.7 

(0.72) 

13.4 

(0.77) 

16.8 

(0.66) 

16.6 

(0.73) 

18.4 

(0.59) 

18.0 

(0.68) 

19.3 

(0.53) 

19.2 

(0.60) 
Standard errors are shown in brackets. 
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