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Introduction 

Introduction 

Nearly two decades ago, in 1981, some previously healthy young 

homosexual men were diagnosed with Pneumocystis carinii pneumonia and 

Kaposi's sarcoma in the United States [1]. These malignancies are uncommon 

in young men and it turned out that these men were the first cases reported 

with the Acquired Immune Deficiency Syndrome (AIDS). In France, already 

in 1978 and soon thereafter a handful of patients, many with African 

connections, were seen with an inability to control normal benign infections. 

A few years later, in 1983, the retrovirus, that is now known as the Human 

Immunodeficiency Virus type 1 (HIV), was isolated, which is the causative 

agent for AIDS [2]. An antibody test against HIV was developed, and 

consequently seroepidemiological studies were started in the urge to increase 

knowledge concerning transmission, natural history and spread into the 

population. 

In the next years it became evident that next to homosexual men (like 

the first cases in the USA in 1981), also injecting drug users, recipients of 

blood or bloodproducts, children of mothers at risk for AIDS and heterosexual 

partners of AIDS patients were found to be diagnosed with AIDS. AIDS 

registries were started to monitor the course of the AIDS epidemic and 

showed disturbing increases in the cumulative number of diagnoses with 

AIDS. 

It is obvious that the number of new AIDS cases are generated by the 

population of HIV infected individuals, and, by definition, these numbers are 

naturally linked by the incubation periods of the individuals. Until now, 

population based HIV screening is rare, because of practical, methodological 

and ethical reasons. So, in order to quantify the size of population of HIV 

infected individuals, attention turned to the incubation period to be able to 

calculate the number of HIV-infected persons from AIDS cases. The 

incubation period is defined as the time from infection to onset of disease. 

However, both endpoints are hardly ever exactly observed and surrogate 



Introduction 

The incubation period of an infectious disease 
is defined as the time interval from infection to 
onset of disease. The incubation period is a 
key parameter to predict the course of the 
epidemic and the progress of disease in the 
individual. The longer the period the more 
problems arise: 

- Evaluating the size of the epidemic. 
Collecting incubation data. 
Evaluating progression. 
Why so different between persons. 
Does it change during the epidemic. 

endpoints are needed. The date of HIV infection can be approximated with 

the date of seroconversion, indicated by a switch from a negative test result 

into a positive test result in a sequence of antibody tests against HIV of a 
person. The other endpoint of the 
incubation period can be approximated with T h e incubation period of 
the date of a diagnosis of AIDS. The infectious disease 

AIDS case definition consists of a list of 

AIDS-defining illnesses, which has been 

expanded since start of the epidemic to 

simplify the reporting process and to better 

reflect the HIV-associated illnesses in 

(specific) transmission groups. In this 

thesis, the 1987 CDC AIDS case definition 

is used in all chapters. Although, this way, 

both endpoints of the incubation period are 

well-defined, there is additional uncertainty in both dates, governed by the 

sensitivity of the test, in case of seroconversion and by diagnostic-variability 

in case of an AIDS-diagnosis. This is primarily a practical problem and, 

under general conditions, this leads to observed dates that occur later as 

should have been, which problem is automaticly solved in case of handling 

the so called doubly censored data. Consequently, this uncertainty will be 

reflected in the overall variability of the estimates ultimately obtained. To 

overcome the problems of determination of onset of disease, the time to death 

can be studied. In addition to the longer follow-up of several years that is 

needed the time to AIDS is of interest when quality of life and need for 

health care is considered. Note that also good registries of HIV-related deaths 

are needed. 

The incubation period varies between HIV-infected individuals from 

several months [3] to over 13 years [4]. Because of the large variability, the 

incubation period is best expressed in terms of probability distributions. The 

first estimates of the incubation period distribution (IPD) came from 

transfusion associated data and showed that the incubation period was long 

and variable, which indicated that the number of HIV infected individuals was 
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an alarming factor greater then the number of diagnosed AIDS cases. Starting 

from this point the backcalcution methodology [5,6] was introduced to 

estimate HIV prevalence, which is essential to assess and plan the needs of 

public health care and public health policy. The backcalculation method can 

be used to estimate any one of the following three: HIV incidence, incubation 

period and the AIDS incidence, from the remaining two. Backcalculation 

itself needs external estimates of the IPD to overcome nonidentifiability that 

arises if HIV prevalence is estimated from AIDS surveillance data and is also 

known to be sensitive to the IPD used. It needs to be stressed that only good 

estimates of the HIV prevalence are obtained, if the AIDS case reporting is 

rather (or nearly) complete. For this reason, backcalculation is only applied in 

industrialized countries and rarely in developing countries. 

Accurate estimates of the IPD are essential, but, in fact, incubation data 

are limited because both the date of seroconversion and the date of 

occurrence of AIDS is often unknown, or only known to fall in a time-

interval. Several methods have been developed to overcome the complex 

censoring and truncation patterns found in 

incubation data and these will be discussed 

in more detail in the following section. 

Also studies have been deducted to 

find determinants (or cofactors) that may 

explain (some of) the variability of the 

incubation period or changes therein, such 

as age at infection, date of seroconversion, 

transmission group, geographical location, 

treatment, gender, lifestyle factors, genetic 

factors of the host and virus phenotype. 

Dependence on age at infection, date of 

seroconversion, treatment and on host 

genetics are more firmly established then 

dependence upon any other factor, since differences in methodology have 

made comparisons difficult. 

In contrast to determinants, markers are a consequence of HIV infection 

Markers of disease 
progression 

Markers of disease progression are a 

consequence of the disease and therefore 

indicate the stage of progression from infection 

to the onset of disease. Immunological 

markers are subject to considerable large 

measurement error and short-time scale 

variability, hiding the marker path for an 

individual. Incomplete incubation data still 

provide information of changes in the marker 

path. Progression through all stages of the 

marker path describe the incubation period. 

infection 

stage: 1 

AIDS 

- I 1 1-

2 3 4 

13 
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and indicate the stage of disease progression. Recently, viral load (HIV-1 

RNA levels) has been found to be a important marker for HIV disease 

progression [7] and other main markers are indicators of immune function. 

Because CD4-lymphocytes are killed directly or indirectly by HIV [8], 

eventually resulting in immunodeficiency, the number of CD4 T-cells is an 

important indicator of the progression of HIV disease after infection. Higher 

viral load is associated with increasing clinical progression and with lower 

CD4 cell count. Other markers that have been investigated and applied are the 

presence of p24 antigen, T cell reactivity (anti-CD3), syncitium inducing 

variants of HIV, ß-2 microglobulin, neopterin and clinical symptoms. 

Sources & Methods to Estimate the IPD 
The ideal design for a study to collect incubation data would be to 

follow HIV uninfected persons continuously to determine the date of serocon

version and the date of an AIDS diagnosis, successively. Consequently, 

estimates of the IPD can be obtained straightforward, using parametrical and 

non-parametrical survival techniques. 

The product-limit method is a non-parametric approach, often used to 

estimate the cumulative incidence of AIDS in seroincident data and in 

imputed-seroincident data that involve elongation of the follow-up times (see 

below). The parametric approach for the IPD may involve Weibull, gamma, 

log-normal and logistic models. The choice between these functional forms 

depends on assumptions surrounding the hazard function. The Weibull model 

is appropriate when the hazard increases progressively, the gamma allows 

slowing of that rise and both, the log-normal and logistic model suggest a 

decreasing hazard. The slowing in the rise of the hazard, say after 5-7 years 

after seroconversion, suggests that the true hazard is not consistent with the 

Weibull distribution. Note, that the Weibull model estimates a longer mean 

incubation period when more follow-up is available. 

Unfortunately, the ideal design is not a realistic one to study the need a 

large number of participants with extreme long follow-up, because, incubation 

period of HIV infection. More specifically, such a design would first, 

infections occur relative rare and, second, the incubation period to AIDS is 

14 
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very long and to death even longer. To overcome this problem, four types of 

cohort studies can be distinguished that were started to collect all incubation 

data available and subsequently methods were developed to estimate the 

incubation period distributions from these data. First, case-cohort studies 

comprising AIDS cases only with retrospectively obtained dates of infection. 

Examples are studies that use transfusion-associated AIDS cases. This is a 

retrospective study and typical cohort members are 1, 2, 3 and 5 (from top in 

figure), if they have observed date of AIDS diagnosis before the date under 

consideration (say the end of the 

s 
s 
:ORED 
4MPLES 

STUDY PERIOD 

0 • 

O— 

o , • 
—• O— 

START 

EPIDEMIC 

Schematic illustration of incubation data. In general, only 
that part of the incubation period is observed, that over
laps with the study period, unless data are ascertained. 
This is needed for the numbers 1 to 4, numbering from 
top to bottom. Specificly, the data of number 4 will be 
censored at both endpoints (doubly censored). 

study period in the figure). Second, 

cohort studies with ascertainment 

of the dates of seroconversion, 

using stored blood samples. 

Participants are, from the top in 

figure, number 2, 3 and 4, if they 

participate in both studies and 5 

and 6. Third, closed cohort studies 

having a restricted intake period 

and follow-up of both HIV-

negat ive and HIV-posi t ive 

participants. Fourth, open cohort 

studies with an ongoing intake 

period and follow-up of both HIV-negative and HIV-positive participants. The 

last two are population-based prospective studies, also referred to as prevalent 

cohort studies. The difference between the last two is especially of interest 

when ageing of the cohort and the infection distribution is considered. 

Participants of these two studies only provide information of that part of the 

incubation period that overlaps the study period and consequently, fast 

progressors before the start of the study (see number 1 from the top in the 

figure) are not included. The kind of incompleteness of the incubation data is 

roughly the same in the types 2 to 4 and concern both endpoints (doubly 

censored data). The date of AIDS diagnosis can be known to fall within a 

time-interval (interval-censored) or known to fall after a certain date (right-
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censored), because it is passed the study-endpoint (truncation) or lost to 

follow-up (censored). The date of seroconversion can be interval-censored, 

between the last HIV-negative sample (possibly the start of the epidemic) and 

the first HIV-positive sample. When the intervals are small the interval 

censoring is of lesser concern and the midpoint (or any other) imputation 

method can be applied. 

The first estimates of the IPD came from data from transfusion-

associated AIDS cases [9], ie cohort type 1 mentioned above. Uniquely for 

such data, the dates of infection can be estimated as the dates of transfusion 

with infected blood. However, the usefulness of this study is greatly reduced, 

because it only consists of persons who have already developed AIDS, 

resulting in severe right truncation (a form of length biased sampling). In 

additon, although to a lesser concern, there is also a number of early deaths 

among recipients of blood transfusion, which is most likely not random and 

may occur more frequently among persons with older age. Non-parametricly, 

only the truncated IPD can be estimated, which is proportional (up to a 

constant) to the IPD. 

Subsequently, the IPD was estimated from cohort studies in which stored 

samples were used to determine the date of seroconversion. These data are 

characterized by interval censoring (referring to the fact that the date of 

seroconversion is only known to fall in the time-interval between the date of 

last negative and the date of first positive HIV antibody test) and by right 

censoring (referring to the fact that the date of an AIDS diagnosis did not 

occur before a certain time). Midpoint approximation prior to standard 

survival techniques and parametric and nonparametric modelling of both the 

seroconversion distribution and the IPD, simultaneously, were used to fully 

account for the censoring on both endpoints. The midpoint approach is only 

appropriate if the date of seroconversion is uniformly distributed over the 

interval, which is unlikely if the interval is sufficiently long, whereas the 

simultane approach can avoid bias [10]. 

By the time that most cohort studies started (in the beginning among 

homosexual men), a large number of the participants were already HIV 

infected (seroprevaient) at recruitment, while the date of seroconversion could 

16 
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not be ascertained. Another limitation of a so called prevalent cohort study is 

the relative short follow-up times of the identified seroconverters. Special care 

needs to be taken to handle the seroprevalent data. The midpoint-imputation 

approach must not be applied, because of the extreme width of these intervals 

(from the start of the epidemic to enrolment). In addition, these intervals are 

nearly the same for most of the study participants. 

Parametric methods have been used to handle this incompleteness of the 

incubation data. Other approaches were, to use a seroconversion-density from 

external data, to impute the date of seroconversion of each subject (from 

laboratory marker values at enrolment or otherwise) and to backcalculate the 

IPD from the population AIDS incidence and the cohort-based HIV infection 

density. 

The IPD can also be estimated without imputing the unknown dates of 

seroconversion using staged Markov 

models based on a marker path (i.e. CD4 s t a g e d M a r k o v m o d d 

cell counts), by assuming that the present 

stage of HIV infection determines disease 

progression [11,12,13]. Although, this may 

seem to be a strong assumption it is very 

much in line with the property of 

biological systems, that the present state is 

the most dominant factor for what the 

further course will be. The advantage of 

using a Markov model is that it makes full 

A continous-time Markov chain can link the 
progression through marker-based stages to 
the incubation period. The Markov model 
assumes that progression to the next stage is 
independent of the progression through the 
previous stages. This model consists of: 

A set of stages. 
(Exponential) distributions of waiting 
times in each stage. 
(Multinominal) probability distributions 
of moving to another stage at the end 
of the waiting time. 

use of data from all individuals, also from those who are seropositive at 

recruitment without making assumptions about their time of infection. 

Moreover, the IPD can be estimated before any of the seroincident persons 

develop AIDS. It also allows marker values and progression to AIDS to be 

modeled jointly. 

All of these methods have been used in a variety of cohort studies, 

concerning different transmission groups. The median of the truncated-

incubation time (an underestimate of the incubation period, see above) in 

blood recipients was 7.3 years for age 5-59 years [9]. The median incubation 
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time in homosexual men ranges from 8-12 years, in injecting drug users from 

10-11 years and in haemophiliacs from 12-17 years. For further interpretation 

of these results, age at seroconversion, differences in the spectrum of AIDS-

defining conditions, the calendar period of enrolment, the underlying 

treatment opportunities and death before being diagnosed with AIDS, 

occurring frequently among injecting drug users, should be considered. 

The Amsterdam AIDS Surveillance System 
Since the first AIDS cases in 1982, the Amsterdam AIDS surveillance 

system was started at the department of Public Health of the Municipal 

Health Service. This system is an active surveillance system, in which AIDS 

patients in the region of Amsterdam are registered anonymously, on the basis 

of voluntary reporting by physicians. The Amsterdam AIDS surveillance 

system reports to the National AIDS surveillance system (Ministry of Health), 

which itself reports to the European surveillance system (the European 

Centre for the Epidemiological Monitoring of AIDS, Paris). Up to July 1998, 

2678 AIDS patients were reported to the Amsterdam AIDS surveillance 

system, of whom 2017 homosexuals, 303 injecting drug users and 243 

heterosexuals. 

The Amsterdam Cohort Studies 
The Amsterdam Cohort Studies consist of two separate studies, which 

both are collaborations between the department of Public Health and 

Environment of the municipal Health Service of Amsterdam, the department 

of Retrovirology of the Academic Medical Center, the department of Internal 

Medicine of the Academic Medical Center and the department of Clinical 

Viro-Immunology of the Central Laboratory of the Netherlands Red Cross 

Blood Transfusion Service and the Laboratory for Experimental and Clinical 

Immunology of the Academic Medical Center. 

The Amsterdam Cohort Study on HIV infection and AIDS among 

homosexual men was started in October 1984 [14], has ongoing enrolment 

and follow-up of both HIV-negative and HIV-positive homosexual men. 

Seropositive men are seen every 3 months and seronegatives every 6 months. 

18 



Introduction 

Through May 1998, a total of 276 HIV-1 seropositive men and 1264 HIV-1 

seronegative men have been enrolled. During the study period, 137 

seroconversions were registered among the seronegative men and a total of 

256 men developed AIDS. 

The Amsterdam Cohort Study on HIV infection and AIDS among drug 

users is an open, ongoing study, that was initiated in December 1985 [15]. 

Participants are mainly recruited via the methadone dispensing circuit and 

through a STD clinic for drug using prostitutes. Both injecting drug users and 

non-injecting drug users are invited to participate and subsequently asked to 

return for a follow-up visit every 4 months. Through February 1998, a total of 

296 HIV-1 seropositive participants and 963 HIV-1 seronegative participants 

have been enrolled. During the study period, 85 seroconversions were 

registered among the seronegatives and a total of 100 participants developed 

AIDS. 

The Vancouver Lymphadenopathy-AIDS Study 
The Vancouver Lymphadenopathy-AIDS Study was started in November 

1982 and had enrolment until December 1984 [16]. Both HIV-negative and 

HIV-positive homosexual men were followed at 3 to 6 months until 1986 and 

annually thereafter. At enrolment, HIV seroprevalence among the 715 

participants was 33% (n=237). The HIV-positive men with two or more 

follow-up visits with CD4 cell counts measurements before January 1 1997 

(n=509) were included in the study presented in chapter VI. 

Outline of this Thesis 
This thesis provides information of the incubation period distribution 

from HIV-1 seroconversion to a diagnosis with AIDS (IPD). In chapter 2 

estimates of the IPD are applied to estimate the size of the HIV epidemic in 

Amsterdam and these estimates are compared to those, using the ratio of HIV 

prevalence to AIDS incidence. In chapter 3 parametric models are used to 

estimate the IPD from data of the cohort study among homosexual men in 

Amsterdam and in chapter 4 through 6 reversible continuous-time Markov 

models are used. In chapter 4 a Markov model based on CD4 cell count is 
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used to study the HIV disease progression in the cohort study among 

homosexual men in Amsterdam and the effectiveness of anti-CD3 reactivity 

as a marker for disease progression is compared with that of the CD4 cell 

count. In chapter 5 the incubation-period distribution is estimated also using a 

CD4-based Markov model, while accounting for death before an AIDS 

diagnosis in a cohort of injecting drug users in Amsterdam and these 

estimates are compared with those from the study of homosexual men. In 

chapter 6 secular trends in the waiting times in CD4-based stages of HIV 

disease progression are studied in a cohort of homosexual men in Vancouver 

and in a cohort of homosexual men in Amsterdam. Finally, in chapter 7 the 

findings from these studies are discussed. 

References 
1. Centers for Disease Control. Kaposi's Sarcoma and Pneumocystis carinii pneumonia among 

homosexual men - New York City and California. MMWR 1981, 30:305-308. 

2. Barré-Sinoussi F, Chermann JC, Rey F, et all. Isolation of a T-lymphotropic retrovirus from 
a patient at risk for acquired immune deficiency syndrome (AIDS). Science 1983, 220:868-
871. 

3. Isaksson B, Albert J, Chiodi F, Furucrona A, Krook A, Putkonen P. AIDS two months after 
primary human immunodeficiency virus infection. J Infect Dis 1988, 158:866-868. 

4. Buchbinder SP, Katz MH, Hessol NA, O'Malley PM, Holmberg SD. Long-term HIV-1 
infection without immunologic progression. AIDS 1994, 8:1123-1128. 

5. Brookmeyer R, Gail MH. Minimum size of the acquired immunodeficience syndrome (AIDS) 
epidemic in the United States. Lancet 1986, 2:1320-1322. 

6. Brookmeyer R, Gail MH. A method for obtaining short-term predictions and lower bounds 
on the size of the AIDS epidemic. J Amer Statist Assoc 1989, 83:301-308. 

7. de Wolf F, Spijkerman I, Schellekens PTh, Langendam M, Kuiken C, Bakker M, Roos M, 
Coutinho RA, Miedema F, Goudsmit J. AIDS prognosis based on HIV-1 RNA, CD4+ T-cell 
count and function: markers with reciprocal predictive value over time after seroconversion. 
AIDS 1997, 11:1799-1806. 

8. McLean AR, Nowak MA. The interaction between HIV and other pathogens. J Theor Biol 

1991, 155:69-102. 

9. Kalbfleisch JD, Lawless JF. Inference based on retrospective ascertainment: an analysis of 
the data on transfusion-related AIDS. / Am Stat Assoc 1989, 84:360-372. 

10. De Gruttola V, Lagakos SW. Analysis of doubly-censored data, with application to AIDS. 
Biometrics 1989, 45:1-11. 

11. Longini IM, Clark WS, Gardner LI, Brundage JF. The dynamics of CD4+ T-lymphocyte 
decline in HIV-infected individuals: a Markov modelling approach. J Acquir Immune Defic 

20 



Introduction 

Syndr 1991, 4:1141-1147. 

12. Longini IM, Clark WS, Karon JM. Effect of routine use of therapy in slowing the clinical 

course of human immunodeficiency virus (HIV) infection in a population-based-cohort. Am J 

Epidemiol 1993, 137:1229-1240. 

13. Satten GA, Longini IM Jr. Markov chains with measurement error: estimating the "true" 

course of a marker of HIV disease progression. Appl Statist 1996, 45(3):275-309. 

14. van Griensven GJP, Tielman RAP, Goudsmit J, et al. Risk factors and prevalence of HIV 

antibodies among homosexual men in the Netherlands. Am J Epidemiol 1987, 125:1048-

1057. 

15. van den Hoek JAR, van Haastrecht HJA, Coutinho RA. Prevalence and risk factors of HIV 

infections among intravenous drug users and drug using prostitutes in Amsterdam. AIDS 

1988, 2:55-60. 

16. Schechter MT, Craib KJP, Le TN, et al. Progression to AIDS and predictors of AIDS in 

seroprevalent and seroincident cohorts of homosexual men. AIDS 1989, 3:347-353 

21 





Chapter 2 

Short-term Predictions of HIV Prevalence and 
AIDS Incidence 

J. C. M. Hendriks 

G. F. Medley 

S. H. Heisterkamp 

G. J. P. van Griensven 

P. J. E. Bindeis 

R. A. Coutinho 

J. A. M. van Druten 

Epidemiology and Infection 1992, 109:149-160 

Reprinted with permission from 

Cambridge University Press 



SUMMARY 
Reports of AIDS cases in Amsterdam up to February 1990 were used to make predictions 

of future cases up to 1993. Two published methods were applied, which make extrapolations from 

current cases and simultaneously estimate the extent of delay in reporting. The choice of the exact 

model greatly influenced the predictions, as did predictions for distinct transmission groups. We 

present results for the homo/bisexual male group, and the total population of Amsterdam. The 

AIDS case predictions are used to predict the HIV prevalence using the ratio of HIV prevalence 

to AIDS incidence and through 'back-calculation'. We suggest that the ratio is a simple technique 

that may be used to estimate HIV prevalence. The estimated number of cumulative HIV infected 

homo/bisexual males in Amsterdam in January 1990 was between 2100 and 4100 in a total of 

2200-4600 infected people. 



HIV Prevalence and AIDS Incidence 

Short-term Predictions of HIV Prevalence and 
AIDS Incidence 

The purpose of this paper is two-fold. First, we use surveillance data to 

make predictions of both the number of persons with AIDS and the number 

of persons infected with the human immunodeficiency virus (HIV). Such 

predictions are essential to assess and plan the needs of health care and health 

policy. They also provide a basis for comparison with future data, so that 

assumptions about how the epidemic will evolve can be quantified. The 

second purpose is to propose the ratio of HIV prevalence to AIDS cases as a 

possible method of quickly predicting future HIV prevalence. We purposely 

omit statistical detail, which is available elsewhere [1,2,3], in order to 

concentrate on the issues surrounding the use of predictions. 

In forecasting the course of the AIDS epidemic several methods have 

been used, such as extrapolation of a fitted model to AIDS incidence curves 

[1,2,4,5,6], dynamic transmission models [7,8] and back-calculation [9,10]. 

When analyzing surveillance data one has to consider the delay between the 

diagnosis of a case and its notification and also the existence of subgroups. 

Subgroups can be defined in terms of risk behaviour, geographical location, 

or clinical diagnosis. Only a limited number of subgroups can be explored 

because the standard error of the model parameters increases strongly as the 

group size becomes smaller. The AIDS surveillance systems usually provide 

data for the methods based on extrapolation of the AIDS incidence curves. 

In the Netherlands, as in most other countries, only limited HIV 

surveillance data are available. There is some information from studies among 

high transmission groups, but these data are selective and cannot be 

generalised. Screening for HIV on a voluntary basis is only done among 

pregnant women in Amsterdam and anonymous screening is not allowed. 

Thus one has to rely on mathematical and statistical models when describing 

the HIV epidemic, even in the present or the past. The number of HIV 

infected persons and the number of AIDS cases are related to one another in 
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a natural way through the incubation period. Several methods have been used 

to gain knowledge about the HIV epidemic from the AIDS incidence e.g. the 

back-projection method [3,9,11] and methods based on transmission models 

when these are calibrated to the number of AIDS cases [12,13,14]. 

In this paper distinctive patterns in the AIDS epidemic between the most 

relevant subgroups are incorporated by empirical models fitted to the monthly 

AIDS incidence data from Amsterdam. Two methods are presented, in which 

the AIDS incidence functions are used to forecast the HIV prevalence in 

Amsterdam. First the HIV prevalence is estimated from the ratio of HIV 

prevalence to AIDS incidence in a cohort of homosexual men in Amsterdam, 

and second, with back-projection from the AIDS incidence. The incubation 

period distribution used in the back-projection is also estimated from the 

cohort of homosexual men in Amsterdam. We used this estimate because it 

characterizes the population in Amsterdam (ie age at infection, clinical 

management). 

The use of the HIV/AIDS ratio has been suggested previously in the 

context of prediction [15,16], however it has been criticised on the grounds 

that the ratio was not stable over that period [17]. We calculate the ratio on 

an annual basis rather than calculating a single overall ratio [16], and show 

that it has an almost constant value after an initial perturbation. Furthermore, 

preliminary theoretical work has shown that under certain assumptions 

estimates of the ratio stabilize in the course of the epidemic [18]. 

Materials 

Since the diagnosis of the first AIDS patient in 1982 the Municipal 

Health Service in Amsterdam has collected data about the AIDS cases 

diagnosed in Amsterdam through active surveillance. The most recent CDC 

AIDS case definition is used when cases are reported to the surveillance 

system. 

By the end of January 1990, 744 AIDS cases were recorded of which 

641 (86%) were homo/bisexual men. Of both total cases and the 

homo/bisexual men, 82% were resident in Amsterdam, and the larger part 
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Table 1. Number of AIDS cases reported i n Amsterdam from the first case in 1982 to 31 
January 1990 by transmission group, residence and disease. 

Group Residence Clinical disease Total 

01 KS OI+KS other 

Homo/bi A'dam 355 93 40 37 525 

not-A 86 17 8 5 116 

total 641 

IVDU A'dam 43 0 0 4 47 

not-A 3 0 0 0 3 

total 50 

Other A'dam 29 0 1 5 35 

not-A 17 1 0 0 18 

total 53 

Total A'dam 427 93 41 46 607 

not-A 106 18 8 5 137 

total 533 111 49 51 744 

IVDU, Intravenous Drug User; A'dam, Amsterdam; not-A, not-Amsterdam; OI, Opportunistic 

Infection; KS, Kaposi's sarcoma. 

(533) were diagnosed with an opportunistic infection (Table 1). The 

percentage of the AIDS cases resident in Amsterdam changed from 66% 

(31/47) in 1985 to 87% (191/219) in 1989. 

The ratio of the number of HIV seropositives at the beginning of a given 

year to the number of new AIDS cases in that year is determined from data 

of a cohort of homosexual and bisexual men in Amsterdam who have been 

observed every 3-6 months since enrolment. Virological, immunological and 

clinical data were collected at the Municipal Health Service at every visit. 

Between October 1984 and May 1985, 719 men entered the study and another 

285 men, who were mostly HIV seronegative, entered up to February 1990. 

Since data regarding the total population of homo/bisexual men are not 

available, the representativeness of this cohort of homo/bisexual men in The 

Netherlands is unknown. Data from 348 seropositive men were used to 
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estimate the ratio. From these 269 men were seropositive on entry and 79 

men seroconverted during follow-up. Sixty-seven men developed AIDS up to 

the beginning of 1990. The incubation period distribution is also estimated 

from the same data. This cohort has been more fully described elsewhere 

[19,20]. 

Methods 
Preliminary analyses were performed to detect differences between 

subpopulations on either the AIDS incidence or the reporting proportions (the 

proportion of cases reported in successive months following diagnosis). First a 

model free analysis [2] revealed that the reported proportion in the first month 

tends to be smaller for the intravenous drug user (IVDU) group than for the 

homo/bisexual group. Second, Poisson regression performed with a non-linear 

procedure in GENSTAT [21] showed that the AIDS incidence in the 

homo/bisexual group was significantly different from both other transmission 

groups (IVDU, other). There were also significant differences with respect to 

residence (Amsterdam, not-Amsterdam) and clinical diagnoses (Opportunistic 

infection, Kaposi's sarcoma, both). Taking into account the subpopulation 

sizes it was decided to focus on the AIDS incidence of both the 

homo/bisexual men living in Amsterdam (excluding disease class 'other', 

Table 1) and the total reported AIDS cases. The results for the homo/bisexual 

population are presented in detail. 

Prediction of AIDS Incidence 

To make prognoses and estimates of the AIDS incidence a full 

parametric method (model CM) developed by Cox and Medley [1] and a 

more statistical approach (model H) developed by Heisterkamp and colleagues 

[2] were used. In model CM the actual diagnoses, whereas on model H the 

reported diagnoses are assumed to arise from a Poisson distribution. Both 

models are similar in that the reporting delay and the AIDS incidence are 

estimated simultaneously. In model H this is performed with the reported 

proportions and a functional form for the cumulative AIDS incidence, 

whereas in model CM functional forms for both the reporting delay and the 
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AIDS incidence are used. In the full parametric model (CM) the reporting 

delay distribution is chosen from exponential forms on the basis of 

mathematical convenience. Out of several parametric forms used in model 

CM a mixture of two gamma distributions with index one proved to be the 

best fit in describing the reporting delay distribution. The probability density 

function for this combination of exponentials has the form 

with 60, 8, and 62 parameters and x length of lag. The logistic and linear-

logistic functions are used to describe the (cumulative) AIDS incidence 

function. These functions have been shown to be useful in the past [6,22]. 

The goodness of fit for both functions are equal in terms of mean deviance 

and likelihood ratio test and here mainly the linear-logistic is presented. The 

linear logistic form is 

c+dt 

with a, b, c and d parameters and t months since January 1982. In model CM 

approximate confidence intervals for the AIDS incidence are obtained using 

the profile likelihood method. This contrasts with the second model where the 

confidence intervals are calculated using the approximate prediction limits of 

a Poisson distributed variable [1]. 

Prediction of HIV Prevalence 

Two methods were used to estimate the HIV prevalence among 

homosexual men in Amsterdam. First the HIV prevalence is estimated from 

the ratio of AIDS incidence in a year to the HIV prevalence at the beginning 

of that year. The ratio is estimated from the cohort of homosexual men in 

Amsterdam, and the AIDS incidence is estimated from the linear-logistic 

functions fitted to the surveillance data using models CM and H. Note that 

the ratio estimates the HIV prevalence, that is excluding the AIDS cases in 

previous years. 

The second method is through back-calculation. The back-projection 
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method can be used to estimate any of the following three: AIDS incidence, 

incubation period and HIV incidence, from the remaining two [11]. Here the 

back-projection method is used to gain knowledge about the HIV incidence 

from the AIDS incidence and the incubation period. The back-calculation was 

performed based on a method by De Gruttola and Lagakos [3] using a time 

step of 0.5 month and as seen from the time point at 1 January 1993. Because 

continuous functions are used for both the AIDS incidence and the incubation 

period it is possible to use arbitrarily small time steps, which is not possible 

when the observed data of the AIDS surveillance are used. Time steps of 1 

month and smaller gave almost identical results. We constrained the HIV 

incidence to be non-negative. It is further assumed that the first date of 

infection is 1 January 1978. The first AIDS case in Amsterdam was 

diagnosed in 1982, only seven were diagnosed in 1983, and we think that 

1987 is as a realistic beginning of the HIV epidemic there. When we used 

1980 as start of the epidemic the numbers were reduced by 10%, but it did 

not influence the results qualitatively. In the back-calculation method the 

cumulative number of people who will develop AIDS is estimated; this 

includes individuals who have acquired AIDS or have died from AIDS. The 

incubation period distribution is estimated from the cohort of homosexual 

men in Amsterdam and the same AIDS incidence functions are used as in the 

first method. 

The incubation period distribution is the probability of an AIDS 

diagnosis at or before a certain time after HIV seroconversion. The interval 

between the last seronegative and first seropositive HIV test was maximal 6 

months for the seroconverted men during follow-up. The date of AIDS 

diagnosis was within 3 months of the preceding follow-up date. In these cases 

the dates were estimated as the midpoints of the intervals concerned. The 

dates of seroconversion for the men who were seropositive on entry were 

randomly chosen from an appropriate probability distribution. The 

randomization was performed with functions that described the probability of 

infection since the start of the HIV epidemic (smallest probability in the early 

years of the epidemic), and the Weibull and gamma incubation period 

distribution functions were fitted to these data. This was repeated 200 times, 
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and the parameters were estimated as the mean of these outcomes. The 
Weibull distribution has the density function 

and the gamma 

qpxpA-
-qx 

i » 

where p and q are the parameters to be estimated and x is the time between 

seroconversion and diagnosis. The estimated Weibull distribution has parame

ters 1.93 and 0.105 (mean = 10.7 years; median = 9.5 years) and the estima

ted gamma distribution has parameters 2.53 and 0.211 (mean = 12.0 years; 

median = 10.5 years). In comparison, data from homosexual male cohorts 

suggest a median in the region of about 10 years [23,24,25,26,27], so neither 

is a priori preferable. 
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Figure 2. Estimated monthly AIDS incidence curves for the homosexual men in Amsterdam. *, 

reporting delay adjusted; —, linear logistic model CM; , linear logistic (c=0) 

model H. 
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Results 
Prediction of AIDS Cases 

Table 1 shows that the group of homo\bisexual men living in Amsterdam 

is the most relevant subpopulation. Therefore the models are fitted to the data 

of both this subpopulation and the total diagnosed AIDS cases. The estimated 

Table 2. The annual AIDS incidence among homosexual men residing in Amsterdam 
(excluding 'other' clinical disease*). 

YEAR Actual Delay corr. Model H Model C M 

1983 8 8 9 ( 2- 16) 10 NC 

1984 20 20 19 ( 11-27) 20 NC 

1985 27 27 36 ( 25- 47) 36 NC 

1986 75 75 62 ( 47- 76) 58 NC 

1987 93 93 96 ( 78-114) 90 NC 

1988 105 105 134 (112-155) 128 NC 

1989 146 153 167 (142-191) 173 (152-198) 

1990 - - 186 (153-220) 220 (170-280) 

1991 - - 191 (140-242) 268 (180-390) 

1992 - - 185 (121-249) 313 (200-540) 

Other, see Table 1; Delay corr, Model free corrected AIDS cases; H, estimated AIDS cases with 
90% confidence limits using model H. The linear logistic form is fitted to the cumulative AIDS 
incidence. The linear logistic form is [ (c + dt)/(I + exp(-b(t -a) ] with a, b, c and d parameters 
and r months since January 1982. The parameter c was put to zero because it was smaller then 
its standard error.; CM, estimated AIDS cases, with 90% confidence limits, using model CM. 
The linear logistic function was fitted to the AIDS incidence.; NC, not calculated. 

reporting delay distribution for the homo/bisexual men is very similar to that 

for the total population. Over 85% of the reported AIDS cases were reported 

within 3 months after diagnosis. 

Figure 1 presents estimates of the monthly AIDS incidence of the 

homo/bisexual men resident in Amsterdam after adjustment for reporting 

delay and using models CM and H with different AIDS incidence curves. The 
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estimates of the monthly AIDS incidence for model CM and H are similar up 

to January 1990. The predictions for the near future are slowing down for 

model H but not for model CM, where the incidence per month is still 

increasing. Table 2 presents the annual AIDS incidence for the homo/bisexual 

men in Amsterdam. The numbers of new AIDS cases in 1990 are beginning 

to diverge and are almost a factor 2 different by 1992. 

Prediction of HIV Prevalence 

The incidence of HIV in the cohort has decreased considerably since the 

start of the study in October 1985. The ratio of HIV prevalence to AIDS 

incidence has stabilized in the last years (Figure 2), and this is not influenced 

C/3 
Q 

X 

O 
1= 

1985 1986 1987 

YEAR 

1988 1989 

Figure 3. The ratio HIV prevalence at the beginning of a year to AIDS incidence in that year in 

a cohort of homosexual men in Amsterdam from 1985 to 1989. The ratio was 

calculated from 105/3, 255/16, 253/17, 240/21 and 224/23. 

by loss to follow-up or by those who entered the study after May 1985. Table 

3 shows the results from six related methods to estimate the number of HIV 

infected persons among the homosexual men. All methods use the AIDS 

incidence function from either model CM or model H. The second and fifth 
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column include the HIV prevalence at January of each year calculated from 

the ratio. This prevalence is adjusted for (i.e. includes) the cumulative AIDS 

cases estimated from model H and CM respectively. This adjustment allows a 

comparison of the results from the ratio with those from the back-calculation 

method, if death prior to AIDS is neglected. The estimated HIV prevalence at 

1 January of 1986 are 1050 and 1001 as result of the decline in the ratio in 

the early years of the HIV epidemic. The ratio was extrapolated with the 

mean of the last three years (ie 12, Figure 2). Columns three and six show 

Table 3. The estimated number of cumulative HIV infected individuals at 1 January of each 
year among the homo-/bisexual men residing in Amsterdam (excluding 'other' clinical 
disease). 

AIDS incidence: model H AIDS incidence: model CM 

YEAR Ratio BCW-method BCG-method Ratio BCW-method BC-method 

1983 - 883 1374 - 862 1332 

1984 - 1057 1602 - 1028 1547 

1985 1278 1232 1829 1275 1227 1810 

1986 1050 1389 2026 1001 1456 2109 

1987 1565 1521 2179 1467 1711 2438 

1988 1693 1628 2294 1626 1992 2786 

1989 2021 1717 2369 2244 2300 3151 

1990 2758 1796 2434 3158 2648 3548 

1991 3003 1875 2482 3947 3028 3965 

Other, see Table 1 ; Ratio, Adjusted for (i.e. including) cumulative AIDS cases as estimated in 
Table 2; BCW-method, Back calculation with Weibull incubation period distribution with mean 
10.7 years. BCG-method, Back calculation with gamma incubation period distribution with mean 
12.0 years. 

HIV prevalence back-calculated using the Weibull incubation period and 

columns four and seven using the gamma incubation period distributed. Note 

that the HIV prevalences at January 1988 to January 1990 estimated from the 

ratio increase more than those back-calculated with either incubation period 

distribution. In the period 1988-1990 HIV seroprevalence back-calculated with 

the gamma incubation period distribution corresponds best with the results 
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from the ratio. It also needs to be stressed that a decline in the AIDS 

incidence (Table 2, model H) does not necessary imply a decrease of the HIV 

prevalence (Table 3, columns three and four). 

Discussion 
Prediction of AIDS Incidence 

There are a number of problems that arise when predictions of AIDS 

incidence are made from the surveillance data. First, there is the revision of 

the AIDS definition in 1985 [28] and in 1987 [29]. In general the changes in 

the AIDS definition in 1985 are expected to affect the number of reported 

AIDS cases by <5%; this can hardly be recognized on the low numbers so 

far. In the Netherlands the same holds for the changes in the AIDS definition 

in 1987, though the effects in other countries can be relative large [30]. In 

particular the inclusion of the HIV wasting syndrome and extrapulmonary 

tuberculosis are expected to affect on the numbers reported in the IVDU 

group [31], although these numbers are still very low (Table 1). So the 

corrections, due to the revisions of the AIDS definition must be considered to 

be negligible. 

Second, not all AIDS cases may be reported. A study carried out in 

Amsterdam in 1989 showed under-reporting of 5.7% [32], while from regular 

sampling afterwards it followed that the under-reporting amounted never more 

then 5%. 

The third problem is the effect of early treatment for HIV infection [33]. 

Up to February 1990 it is difficult to measure the effect of treatment with the 

potential to delay the onset of AIDS on the data from the AIDS surveillance 

system in Amsterdam. There was no consensus about primary Pneumocystis 

Carinii pneumonia prophylaxis for asymptomatic HIV seropositives until that 

time. In addition, in The Netherlands before February 1990, only patients with 

AIDS-related complex (ARC) or AIDS received zidovudine. Registration of 

zidovudine distribution showed that the number of patients with ARC who 

received zidovudine in 1988 and 1989 was estimated at 34 and 58 

respectively. These include those who used zidovudine in the previous year 

and who still have ARC. The observed AIDS diagnoses after mid-1987 fell 
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within the variability of the estimates from the data before 1987. In 1990 and 

later the effect of prophylactic treatment will surely be more profound, but at 

present it is difficult to make any correction without further investigation and 

data. 

Finally, the choice of the model is paramount in predictions of the AIDS 

incidence. Of several parametric forms those with the best fit in each model 

are presented and though model CM and model H are similar in some points 

(see Methods), the prognoses of the AIDS incidence for the near future are 

quite different. This arises largely from the fact that in model CM the linear 

logistic function was fitted to the AIDS incidence and in model H the same 

form was fitted to the cumulative AIDS incidence. In combination with data 

on the survival of patients following diagnosis, the predictions of the AIDS 

cases can also be used to predict the number of cases alive [1,6,22]. 

If one adds 10% to allow for the category 'disease other', 5% for under

reporting and another 10% for statistical variability then our data suggests a 

range from 198 to 340 new AIDS cases in the homo/bisexual population and 

187 to 360 in the total population in Amsterdam in 1991. In January 1990 the 

population of Amsterdam consisted of 695221 people from which 236283 are 

men in the range of 15 to 60 years [34]. 

In 1990 196 AIDS cases were diagnosed of which 160 were 

homo/bisexual men (data reported up to end of March 1991). The estimates 

for model H and CM are 216 and 284 for the total population and 186 and 

220 for homo/bisexual men. These numbers fall at the lower end of the 

estimated range, suggesting that the lower predictions may be more accurate 

for future policies. 

Unfortunately, there are no simple rules available on purely statistical 

and theoretical epidemiological grounds to determine which of the divergent 

predictions is likely to be more accurate. However, there may be other data 

and arguments available to aid the formulation of policy. For example, the 

introduction of medication which delays the onset of AIDS will imply that 

predictions of smaller numbers may be more realistic in the next few years. 

On the other hand, the reported increase of unsafe sexual behaviour in 

homosexual men [35] may lead to the conclusion that AIDS cases will 
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increase. This is largely a matter for informed epidemiological judgement. 

Prediction of HIV Prevalence 

In this paper two methods are used to estimate the HIV prevalence from 

the AIDS incidence. If the current HIV prevalence is estimated from the ratio, 

the assumption is needed that the dates of HIV infection and AIDS diagnosis 

in the cohort and in the population occurred with a similar pattern. These are 

in closest agreement when the HIV prevalence is estimated in the 

homo/bisexual population. Estimates of the HIV prevalence from the ratio are 

not influenced if the incubation period is changing in chronological time as 

long as the changes in the cohort and in the homosexual population are 

similar. Changes in the incubation period occur when the onset to disease is 

changed e.g. early treatments and changes in the AIDS definition. The HIV 

prevalence estimated from the ratio is somewhat robust to recent changes. 

The ratio of HIV prevalence at a beginning of a year to AIDS incidence 

in that year was validated with data from England and Wales in 1990 [22] 

and San Francisco in 1987 [17]. The ratios appeared to be 16 and 13 in 

comparison with 15, 12 and 10 in 1987, 1988, 1989 respectively from our 

results. This suggests that there is a similar epidemiological pattern with a 

rather stable character in different places. The stability of the ratio over 

several years suggests that this method may produce reliable short term 

predictions of HIV prevalence. 

In the back-calculation procedure we used functional forms for the AIDS 

incidence, and not the observed AIDS surveillance data, and a constant 

incubation time distribution. Recent changes in the HIV incidence as caused 

by heterogeneity or changes in sexual behaviour will not be detected because 

of the low risk of AIDS diagnosis in the 2-3 years following infection. To 

investigate the sensitivity of the conclusions to the model assumptions, several 

parametric forms for the AIDS incidence and the incubation period are used 

against a method concerning information from HIV prevalence in a cohort of 

homosexual and bisexual men. 

The numbers of HIV infected homosexual men in Amsterdam estimated 

from the ratio and the back projection method are in the same range. We have 
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shown that the estimates for the ratio and incubation period distribution 

derived here compare with other studies, which gives some confidence that 

the extrapolation from sample to general population gives meaningful results. 

After adjustment for the 'other disease' class (10%) and underreporting 

(5%) the ratio estimates the number of infected homo/bisexual men in 

Amsterdam in January 1990 as 3200-3700 and estimates from the back-

calculation methods range from 2100 to 4100. These estimates are much 

lower than previously available [36,37], when it was suggested that there 

would be 9000-19000 HIV infected individuals in Amsterdam at the 

beginning of 1987. The numbers suggested from this paper are in agreement 

with results from other methods reported in recent studies [38,39]. 

One conclusion that may be drawn is that the HIV epidemic could have 

reached a constant level or be decreasing for the homo/bisexual population; 

this has also been concluded in other epidemiological studies [40]. To draw 

this conclusion for the total population can be deceptive because most 

assumptions and estimates are determined by the major transmission group. In 

our study this is the homo/bisexual male population but the IVDU group is 

more likely then the others to show a rapid rise in HIV incidence. 

Undoubtedly this will have its effect on the total number of HIV infected 

individuals in the future. Until then the estimation of approximately 3500-

4400 cumulative HIV infected individuals gives a likely picture of the HIV 

epidemic in Amsterdam in January 1990. These numbers are suggested from 

the ratio and the AIDS incidence estimated from both models mentioned 

applied to the total number of AIDS cases in Amsterdam. The estimates from 

the back-calculation method range from 2200 to 4600. 

It is reassuring that estimates of the HIV prevalence using the ratio and 

the back-calculation method fall within the same range. The actual value of 

the ratio is stable and is in general agreement with other places. Estimates 

from the ratio are somewhat robust to recent changes in the incubation period 

or recent behavioral changes. This makes the ratio attractive to use as a quick 

method of predicting HIV prevalence in distinct risk groups. 
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SUMMARY 
Objective: The treatment-free incubation period distribution was estimated from data obtained 

from a cohort of homo/bisexual men in Amsterdam. 

Design: Participants in a cohort study that started at the end of 1984 in Amsterdam were seen at 

3- or 6-months intervals. The analysis excluded time since the start of zidovudine treatment 

(given to 27 individuals) and no cohort member received primary Pneumocystis carinii pneumonia 

prophylaxis (i.e., before AIDS diagnosis) before February 1990. 

Methods: Both HIV-positive (n=269) and HIV-seroconverted (n=79) homosexual men were 

included in this study. Of these, 68 developed AIDS before February 1990. The unobserved dates 

of seroconversion were obtained by multiple imputation. The incubation period distribution was 

estimated from these data by direct Kaplan-Meier analysis, and by using parametric Weibull and 

gamma distributions (including a parameter describing the probability of never progressing to 

AIDS). Our results are compared with published estimates of progression to AIDS from other 

homo/bisexual cohort studies. 

Results: Both the Weibull and the gamma distributions provide equally good empirical 

descriptions of the incubation period distribution for up to 7 years post-seroconversion, but the 

estimated gamma distribution (median, 9.2; mean, 10.2; percentage AIDS at 7 years, 33%) should 

be preferred beyond that time, due to a slowing of the hazard rate. There is insufficient 

information to be able to estimate accurately the probability of never progressing to AIDS. 

Conclusions: The time-dependent pattern of HIV incidence should be considered in the analysis 

of prevalent cohort studies. Our results are in agreement with other homo/bisexual cohort studies 

and will be valuable for future comparison with and understanding of the epidemiological 

consequences of clinical treatment that delays the onset of AIDS. 

Keywords: Incubation period, Weibull, gamma, multiple imputation, Kaplan-Meier, homosexual 
men, treatment-free. 



Treatment-Free Incubation Period 

The Treatment-Free Incubation Period of AIDS 
in a Cohort of Homosexual Men 

The incubation period of the AIDS is a key characteristic in 

understanding of the HIV and AIDS epidemic both clinically and 

epidemiologically. The incubation period distribution (IPD) provides 

information about the probability of progression to AIDS as it changes with 

time since infection with HIV. It also links the HIV infection rate and the 

occurrence of AIDS cases over time, and is an essential feature in back-

calculation methods Knowledge of the IPD creates the opportunity to make 

more reliable projections [1,2,3], which are necessary for health-care 

planning. 

There is a considerable variation in the length of the incubation period. 

This may be due to the emergence of new viral quasispecies in an HIV-

infected person [4]. According to this hypothesis, serious immunodeficiency 

occurs when the viral diversity exceeds some threshold beyond which the 

human immune system is unable to control viral replication [5]. Because of 

the variability the incubation period is best expressed in terms of probability 

distributions. 

The IPD itself can be dependent on age, date of seroconversion 

riskgroup and geographical area [6,7,8], as result of, for example, treatment, 

behaviour (changes), health care or changing virus phenotype (viral 

quasispecies diversity). Dependence upon age and date of seroconversion are 

more firmly established than dependence upon any other variable, since 

differences of methodology have made comparisons difficult. 

There are two methods of estimating the IPD of AIDS. The first is the 

comparison of the estimated infection distribution with the pattern of AIDS 

diagnoses [9] (because the distribution of AIDS is a convolution of the 

infection distribution and the IPD [1]); the second is direct estimation from 

cohort data, using individual incubation times. 

Incubation period analyses are now less restricted to transfusion 
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recipients and haemophiliacs, and more data are available from well defined 

cohort studies. Cohort study data relating to development of AIDS are 

inevitable incomplete in dates of seroconversion (infection) or development of 

AIDS, or both. This incompleteness has inspired a variety of approaches 

[9,10,11,12]. Seroconversion (defined as the development of detectable levels 

of antibodies to HIV) generally occurs within a few months of infection. 

Therefore in this study, as in many others, the time from seroconversion to 

AIDS diagnosis is defined to be the incubation period. 

The objective of this paper was to estimate the IPD in a cohort of 

homosexual and bisexual men in Amsterdam. We used a multiple imputation 

procedure, with four related models, each covering different assumptions, to 

investigate the sensitivity of the estimated IPD regarding the imputation 

method. The imputation procedure was used to provide the unobserved 

interval between seroconversion and enrolment for those individuals who 

were already HIV infected at enrolment. 

We can exclude observations relating to individuals who received 

antiviral and/or prophylactic treatment designed to delay the onset of AIDS. 

The results obtained from data such as these will be valuable in future to aid 

the understanding of the effects of new therapies on the evolution of the 

AIDS epidemic. 

Materials 

The time interval between HIV seroconversion and the date of diagnosis 

with AIDS was analysed using data from all homosexual and bisexual men 

with HIV-seropositive blood samples (n=348; aged 25-45 years), who were 

part of a larger cohort study in Amsterdam [13,14]. The analysis is based on 

data that was available in February 1990. At that time the cohort consisted of 

719 men enroled between October 1984 and May 1985 and 285 men enrolled 

after May 1985. Of the 348 HIV-seropositive men 269 were seropositive at 

entry and 79 seroconverted during follow-up. 

The Centers for Disease Control (CDC) 1987 AIDS case definition was 

used for AIDS diagnosis [15]. Sixty-eight men developed AIDS before 

February 1990, of whom 12 had seroconverted during follow-up. Of the 68 
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AIDS cases, 14 were diagnosed with Kaposi's sarcoma (KS), 44 with an 

opportunistic infection (01), one with both KS and an 01 and nine with other 

(for example, neurological) diseases. 

All 348 participants were grouped into one of the following four 

categories: (1) seroconverted during study and AIDS-free at their last visit 

(n=68); (2) seroconverted and developed AIDS during study (n=ll); (3) 

seropositive at enrolment and AIDS-free at their last visit (n=219); (4) 

seropositive at enrolment and developed AIDS during study (n=50). The 27 

men who received zidovudine treatment (mostly in randomized controlled 

trials) were included in group 1 and 3, using the first date of zidovudine 

treatment as the date of the last visit. Of these men, only seven developed 

AIDS in the last few years of their follow-up. Before February 1990 there 

was no consensus about primary Pneumocystis carinii pneumonia (PCP) 

prophylaxis for asymptomatic HIV-seropositives. Thus, before that time PCP 

prophylaxis was not given to any AIDS-free cohort member. 

HIV antibody and anticore tests were performed (ELISA; Abbott 

Laboratories, North Chicago, Illinois, USA and Vironostika Teknika, 

Organon, Oss, The Netherlands) and Western blot tests were used to confirm 

HIV seroconversion. The time interval between the last seronegative and the 

first seropositive test was 3 months for 58 of the seroconverters, and 6 

months for the remaining 21. Infected men visited the Municipal Health 

Service every 3 months, so that the date of diagnosis with AIDS was known 

within 3 months. 

Methods 
The IPD is the probability of being diagnosed with AIDS at or before a 

certain time after seroconversion. A multiple imputation method is used to 

incorporate the date of seroconversion in the estimation of the IPD. Two 

choices for the probability density function of the time of HIV infection are 

combined with two parametric forms for the IPD, giving four parametric 

models. The probability of not developing AIDS after infection is estimated 

simultaneously, as presented by Lui et al. [12]. 

Both the date of seroconversion and the date of AIDS diagnosis are 
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(interval-) censored. The date of AIDS diagnosis of the men who developed 

AIDS within the study period was assumed to be the midpoint between the 

subsequent visits. For those who had not been diagnosed with AIDS at 1 

February 1990, this date was right-censored. For those who received 

zidovudine before they developed AIDS, the date of last AIDS-free 

observation was considered to be right-censored at the first date they received 

zidovudine. In the case of seroconversion during follow-up the date of 

seroconversion was assumed to be the midpoint of the last seronegative and 

the first seropositive dates. The dates of seroconversion for the HIV-

seropositives at entry were interval-censored with a time interval from the 

start of the epidemic to the date of entry. For these cases, the date of 

seroconversion was estimated using a probability density function for the 

elongation of the observed part of the incubation period. The two choices for 

the elongation distribution were a truncated exponential and a truncated 

Weibull distribution function, each describing a different pattern of probability 

of infection in time. 

The Weibull elongation model was chosen to reflect the HIV infection 

density of the seroconverters in the cohort. The parameters of the truncated 

Weibull distribution were chosen so that the probability of seroconversion 

between 1 January 1980 and 1 January 1985 is 50% and between 1 January 

1980 and 1 January 1990 is 90%. In concordance with data from a hepatitis B 

cohort study [16], the start of the HIV epidemic was put at 1 January 1980 

(so that the probability to be infected before January 1980 was assumed to be 

zero). Let T = time of enrolment of a seropositive at entry since 1 January 

1980 and T = time of seroconversion since 1 January 1980. The truncated 

Weibull distribution we used has the density function: 

T 

o 

with a = 1.7 and/3 = 0.16. 

The date of seroconversion of each seropositive at entry was estimated as 
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the mean of 200 random samples from this distribution. Although the mean 

can be calculated analytically we used simulation to preserve some variability. 

Thus, the a priori probability that two seropositive men who enter the study 

on the same day also seroconverted on the same day is smaller than 1. 

The exponential elongation model assumes that the probability of 

infection rises exponentially from the start of the HIV epidemic and is largest 

immediately before enrolment. The truncated exponential density function is: 

T 

exdx 
o 

The imputed elongation period (from either the truncated exponential or 

the truncated Weibull distribution) was added to the AIDS-free period 

actually observed in the cohort to give an AIDS-free period for each 

individual seropositive at entry. Thus, direct, non-parametric analysis (Kaplan-

Meier) of survival to AIDS is possible. The Weibull and gamma distributions 

were also fitted to these data by maximum likelihood. The Weibull 

distribution has the density function: 

8Xsts-ie-(Xtf 

and the gamma 

5,S-1„-A.f kötö-le 
T(8) 

where 8 and A are the parameters to be estimated, t is the time between 

seroconversion and diagnosis and T is the complete gamma function. To 

estimate the probability of never progressing to AIDS, p, the probability 

density functions are multiplied by p. The likelihood function is 

straightforward to compose and the maximum can be found numerically [12]. 

Approximate confidence intervals (CI) for the progression rates were 

49 



Treatment-Free Incubation Period 

calculated from standard errors of the quantiles using a linear transformation, 

as in the delta method. Standard methods were used to calculate CI of the 

Kaplan-Meier estimates. 

Results 
Figure 1 shows the number of seroconversions per quarter-year between 

1985 and 1990 of homosexual and bisexual men from the Amsterdam cohort, 

who entered the study between October 1984 and May 1985 (55 out of all 79 

Figure 2. The number of seroconversions per quarter-year between 1985 and 1990 in a cohort of 
homosexual and bisexual men from Amsterdam enrolled between October 1984 and 
May 1985. 

seroconversions during the study). These data show that the probability of 
HIV infection is clearly time-dependent. We therefore used a Weibull 
distribution to provide the elongation, as it reflects the pattern of the HIV 
density shown in Figure 1. 

The differences between the two elongation models can be illustrated by 
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the HIV density functions of an individual. Figure 2 shows the elongation 

density functions from the Weibull and exponential elongation model for four 

men, chosen at random, who were seropositive at entry but entered the study 
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Figure 3. The Weibull (broken lines) and the exponential (straight lines) elongation probability 
functions for four men, who were seropositive at entry. Their dates of entry in the 
study (in decimal notation) were 1984.81, 1985.68, 1988.38 and 1989.59. The 
estimated dates of seroconversion using the Weibull and exponential elongation are 
1982.81, 1983.11, 1984.34, 1984.76 and 1983.79, 1984.72, 1987.31 and 1988.59, 
respectively. 

at different dates. Note that for the exponential elongation model the 

probability of seroconversion is largest near date of entry into the study and 

that the shape of the distribution for each individual is approximately the 

same, irrespective of the date of entry, whereas the shape of the Weibull 

elongation function depends strongly on the date of entry. Generally, the 

estimated elongation using the Weibull model will be longer than that 

estimated using the exponential model. 
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Figure 3. The estimated (crosshatched) and observed (empty) number of seroconversions by 
quarter years in a cohort of homosexual and bisexual men in Amsterdam, as the result 
of Weibull (top) and exponential (bottom) elongation of the known part of the 
incubation period of the seroprevalent cases. 

Figure 3 shows the histogram of the observed and the estimated dates of 

seroconversion using the Weibull (A) and the exponential (B) elongation 
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model. The most notable feature of these figures is that in both models, and 

particularly in the Weibull model, the majority of the estimated dates of 

seroconversion fall in the early years of 1980. This is due to the highly 

irregular pattern of entry to the study. Approximately 80% were enrolled in 

the first half-year of the period under study, none in the year following, and 

the remainder (approximately 20%) from then up to February 1990. Thus, 

Figure 3 reflects the (estimated) overall density of this group, but not of the 

population, since it is strongly biased by the pattern of entry into the study. 

First, we discuss the estimation of the probability of never progressing to 

AIDS (p). The combination of the two elongation methods (Weibull and 

exponential) and the two incubation period distributions (Weibull and gamma) 

gives four models for estimating p. The maximum likelihood estimates of p 

range from 0.12 to 0.51 all with large 95% CI (from 0.00-0.61 to 0.00-0.69). 

The profile likelihood plots of p for each of the combinations are presented in 

Figure 4A. The curves (compared to the horizontal dotted lines) show that the 

estimation of p from current data is highly uncertain for any assumed IPD. 

Figure 4B shows the maximum likelihood estimate of the mean in each of the 

four combinations plotted against different values of p. This shows that 

different values within the CI of p have large effect on the estimates of the 

IPD (up to 4 years in mean incubation period) and that they even differ 

according to p = 0 or p ^ 0. On the other hand, different values of p do not 

change the log-likelihood much, compared with the deviation from the 

maximum at the size of the 95 percentile of the %2 distribution with 1 d.f. 

(Figure 4A). Therefore, it is still too early to estimate accurately the 

proportion of infected homosexual and bisexual men who will never develop 

AIDS using these data. Because p is expected to be small, it was assumed to 

be zero. 

Figure 5 presents the estimated cumulative IPD for AIDS in homosexual 

and bisexual men, assuming that every HIV-infected person will eventually 

develop AIDS. The estimates of the parameters 8 and A and the means and 

medians are presented in Table 1. The choice of the elongation model or the 

IPD affects the median by 1.5 years or < 0.5 year, respectively. Figure 5 

shows that within each elongation model both distributions fit equally well to 

53 



Treatment-Free Incubation Period 

-220 

-230 

S -235 

-250 

0.2 0.3 0.4 0.5 0.6 0.7 0.8 

Probability of never getting AIDS 

0.2 0.3 0.4 0.5 0.6 0.7 0.8 

Probability of never getting AIDS 

0.9 

0.9 1.0 

Figure 4. The probability of never developing AIDS after HIV-infection against (A) the log 
likelihood values and (B) the estimated mean incubation period by combination of 
incubation period distribution (IPD) and elongation model of the HIV-seropositives at 
entry. The horizontal lines indicate the deviation from the maximum log likelihood at 
the size of the 95th percentile of the %' distribution with 1 d.f.. (solid line), gamma 
IPD and the Weibull elongation model; (small dashes), Weibull IPD and the Weibull 
elongation model; (long dashes), gamma IPD and the exponential elongation model; 
(intermediate dashes), Weibull IPD and the exponential elongation model. 
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the Kaplan-Meier estimator. After 10 years' incubation the Weibull and 
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Figure 5. The cumulative distribution function of the incubation time for AIDS in homosexual 
and bisexual men, assuming that every HIV-infected person will eventually develop 
AIDS. The step functions indicate the (1 - Kaplan-Meier) estimators in both elongation 
models. See also legends of Figure 4. 

Table 1. The parameters, means and medians of the incubation period distributions by different 
elongation model. 

IPD Elong 5 X Mean Median 

gamma Weibull 3.349 0.3270 10.2 9.2 

exp 2.866 0.3348 8.6 7.6 

Weibull Weibull 2.490 0.0986 9.0 8.8 

exp 2.185 0.1155 7.7 7.3 

IPD, Incubation Period Distribution; Elong, elongation distribution; exp, exponential distribution 
function. 

gamma IPD diverge, with the gamma distribution predicting a longer tail. 

Figure 6 presents the associated hazard functions of these four IPD. Although 

all functions of the hazard rate are increasing, there is a noticeable abatement 

in the rate of increase when the gamma distribution is used. 
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Figure 6. The hazard functions associated with the incubation period distributions for AIDS. See 
also legends of Figure 4. 

Discussion 

This paper estimated the treatment-free IPD of AIDS using data from a 

cohort study of homosexual or bisexual men in Amsterdam. This cohort is 

important because their enrolment date occurred early in the history of the 

epidemic, in the largest risk group in western Europe. The design of this 

cohort study enables both HIV seroconversions and AIDS diagnoses to be 

observed. However, a considerable amount of information is provided by 

participants with a long but incompletely observed incubation period. 

Participants who did not develop AIDS at their last visit or, more importantly, 

who were HIV-seropositive at study entry have incomplete data. The Kaplan-

Meier estimates of the incident and prevalent seropositives showed, as 

expected, that rates of progression since seroconversion are lower than the 

comparable rates of progression since study entry, and that the estimated 

incubation period from the incident cases had large CI. This prompted us to 

incorporate the incomplete data from seroprevalent cohort members in the 

estimation of the IPD. 
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We imputed the unobserved dates of seroconversion using probability 

distributions. In this way, date of an individuals' enrolment into the study is 

treated as a covariate that alters the imputed seroconversion date of that 

individual. Another covariate, that has been used in this context is CD4 count 

at enrolment [17]. Although the mean CD4 count of the group can be 

modelled appropriately near seroconversion, an individual's date of 

seroconversion cannot be estimated satisfactorily from the mean, because of 

the large variation around the group mean. 

To estimate the treatment-free IPD, the incubation period was considered 

to be right-censored at the first date of zidovudine treatment. The majority of 

the 27 men who have received zidovudine were selected randomly, and only 

seven developed AIDS thereafter. Because of these relatively low numbers, 

the informative censoring is only a minor issue in this study, but may be 

more important in other studies. 

It is important to assess goodness-of-fit if using parametric models. If 

additional information is available it is possible to make acceptable (plausible) 

choices for a parametric model. The advantage of a parametric model is that 

it provides more accurate (stable) estimates from restricted data. However, it 

is evident that the outcome is largely dependent on the additional information. 

For comparison we also used a non-parametric method that fully accounts for 

the interval censoring on both endpoints [11]. The estimated 5-year 

progression rate to AIDS was 21%, which was intermediate between the 5-

year progression rates (16% and 24%) found using the Kaplan-Meier method 

in the Weibull and exponential elongation models. However, not all data sets 

guarantee an absolute maximum in the likelihood function, and we may not 

have found an absolute maximum with this method. 

An alternative approach is a sensitivity analysis. We varied the 

functional forms of IPD and the elongation distribution. The data suggest that 

the distribution of HIV infection is not uniform (Figure 1). The Weibull 

infection distribution agrees with the idea that when an infectious disease is 

introduced in a population the supply of susceptibles with highest risk (who 

are most vulnerable to be infected) is largest at the beginning of the epidemic. 

This may also be the case in this cohort (Figure 1). In the Weibull elongation 
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model, the infection distribution is used to impute the unknown date of 

seroconversion. This distribution can be regarded as the force of infection 

from the population on an individual. In the Weibull model we assumed, that 

those already seropositive at enrolment were vulnerable to infection since 

1980. Given the ages of the individuals, this might be true for most of the 

participants. 

The exponential elongation model was performed in order to evaluate the 

sensitivity of the results to these assumptions. This model is best when, for 

example, HIV seropositive men are more likely to enter the study if they have 

been infected recently. In either case, the censoring mechanism on the left 

side of the incubation period is time-dependent. 

We prefer the results based on the Weibull elongation since this method 

reflects the changing pattern of infection. The lower estimates of the 

progression rates obtained using the Weibull elongation are in agreement with 

other recent studies [8,10,18,19,20]. Both higher [11] and lower progression 

rates [21,22] have been reported from studies concerning haemophiliacs 

(Table 2). However it should be noted that we estimated the incubation period 

in the absence of treatment, and that the lower estimates from this study fall 

within the CI of other studies. 

Other cohort studies [8,10,17] with follow-up of over 7 years, suggest 

that the rise in hazard slows after 5-7 years. This suggests that the true hazard 

is not consistent with a Weibull distribution. However, in this study and 

others [9], the estimated Weibull IPD falls within the CI of the Kaplan-Meier 

survival hazard. Thus it still appears appropriate to parameterize the 

incubation period with either a gamma or Weibull distribution, at least upto 

seven years after seroconversion. 

It should be noted that not all studies suggesting that the hazard rate 

levels off use data excluding the period of zidovudine treatment. Thus 

estimates of the hazard rate may have been affected by zidovudine treatment 

in the later years under investigation. After controlling for therapy, the true 

natural history of AIDS in homosexual men may be better described by a 

slowing of the hazard approximately 5 years after infection [8,9], so that the 

gamma IPD might be preferable to the Weibull IPD, although both agree 
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equally with the Kaplan-Meier estimator (Figure 5). 

In conclusion, the choice of the IPD only minimally affects the estimates 

in the first 7 years of the distribution, but has greater effect beyond this time. 

The form of the elongation model is responsible for a difference of 

approximately 1.5 years in median progression time. So, in this cohort, where 

the start of the epidemic is 4.5 years earlier than cohort recruitment, the 

choice of the elongation model is the more important of the two. It is obvious 

that this discrepancy may vary with a changing pattern of entry of HIV-

seropositive men into the study insofar as it influences the censoring period 

on the left side of the observed incubation period (for example, if the study 

has no open enrolment or if the interval between start of the epidemic and 

start of recruitment is considerably smaller than the 4.5 years in this study, 

possibly 2.5 years or less). 

It has been suggested that there is an initial period in the IPD that is free 

from AIDS diagnosis (i.e., that the probability of being diagnosed with AIDS 

is zero in this period). No such initial period was explicitly included in our 

analyses, although it could be incorporated into the imputation methods. A 

possible period free from AIDS diagnosis after seroconversion is reflected in 

the estimates of the IPD, where the probability of being diagnosed with AIDS 

in the initial period (1 - 1.5 years) is almost zero (Figure 5). It should be 

emphasized that it is difficult to estimate this initial period using prevalent 

cohort data, because AIDS cases are excluded from study entry and this 

biases the results against (very) short incubation periods. 

We used a time-independent IPD in the parametric models. Taylor et al. 

[8] and others have questioned this for several reasons. In both our cohort and 

the AIDS surveillance in Amsterdam the percentage of KS among AIDS 

diagnoses fell towards the end of the study (February 1990) and in the 

following 12 months. KS is a less severe form of immune deficiency, but has 

a shorter incubation period. This may indicate that the incubation period is 

lengthening [23]. It is also clear that early treatment (instituted after February 

1990 in this cohort) will lengthen the incubation period. Not enough data are 

available yet from this study to estimate the lengthening of the already long 

and variable incubation period. 
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Table 3. Progression rates per yeai • with 95% confidence intervals by different incubation period 
distributions (IPD) using the Weibull elongation model. 

time Gamma IPD Weibull IPD K-M estimator 

1 0.003 (0.001-0.004) 0.003 (0.001-0.004) 0.003 (0.000-0.008) 
2 0.016 (0.004-0.026) 0.016 (0.011-0.020) 0.006 (0.000-0.014) 
3 0.05 (0.02-0.06) 0.05 (0.04-0.05) 0.04 (0.02-0.06) 
4 0.10 (0.07-0.13) 0.09 (0.08-0.10) 0.10 (0.07-0.14) 
5 0.17 (0.13-0.20) 0.16 (0.15-0.17) 0.16 (0.12-0.21) 
6 0.24 (0.19-0.28) 0.24 (0.22-0.26) 0.23 (0.18-0.29) 
7 0.33 (0.26-0.37) 0.33 (0.31-0.36) 0.30 (0.22-0.37) 
8 0.40 (0.33-0.46) 0.44 (0.41-0.48) NA 
9 0.48 (0.40-0.55) 0.55 (0.50-0.59) NA 
10 0.56 (0.47-0.64) 0.65 (0.59-0.70) NA 
11 0.63 (0.54-0.71) 0.74 (0.68-0.79) NA 
12 0.69 (0.60-0.77) 0.82 (0.75-0.87) NA 
13 0.74 (0.65-0.82) 0.88 (0.82-0.92) NA 
14 0.78 (0.69-0.85) 0.92 (0.87-0.96) NA 
15 0.82 (0.74-0.89) 0.95 (0.91-0.99) NA 

IPD, Incubation Period Distribution; K-M, Kaplan-Meier method; NA, Not Applicable. 

This study suggests that after 7 years 33% (95% CI: 26-37) will have 

progressed to AIDS, if no treatment is involved (Table 3, Figure 5) and 50% 

will develop AIDS within 9.2 years (95% CI: 8.3-10.3). This is in agreement 

with other studies, especially with the more recent ones (Table 2). The 

probability of being diagnosed with AIDS during the 12 months after being 

AIDS-free for 7 years is 12% (Figure 6). 

The incubation period plays an essential role in evaluating the HIV/AIDS 

epidemic. Using the treatment-free incubation period, plausible estimates of 

the number of HIV-infected individuals can be obtained by back-calculation 

from the number of AIDS cases adjusted for early treatment. This number of 

HIV infected cases together with estimates of new infections, is a better 

indicator of the epidemic than the number of AIDS cases (assuming that most 

HIV-infected individuals, with or without treatment, will develop AIDS 

eventually). Using the number of AIDS cases (obtained from AIDS 

surveillance) for future projections of the HIV epidemic can be misleading, 

particularly when the major risk group has good access to medical treatment. 
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SUMMARY 
Objectives: We used continuous-time Markov models based on CD4 cell counts and anti-CD3 

reactivity (i.e., measure for T-cell quality) to study the progression of HIV infection in a cohort 

study of homosexual men in Amsterdam. We also compared the effectiveness of anti-CD3 

reactivity as a marker for disease progression with that of CD4 cell counts. 

Methods: We used data from 467 men (6905 visits) with visits at 3-month intervals between 

October 1984 and March 1993. To account for measurement error and short time-scale variability, 

the immunological stage at each visit was determined using a kernel smoother on log-transformed 

data from each individual. The Markov model had six marker-defined stages and a seventh stage 

for clinical AIDS. The initial stage-occupation probabilities for seroconverters were used to 

estimate the incubation time from infection to AIDS. Confidence intervals were calculated using 

the bootstrap method to account for the effect of smoothing on the variability of our estimates. 

Results: The CD4 staging scheme estimated the median time from seroconversion to AIDS at 8.3 

years [95% confidence interval (CI), 8.1-8.6 years], and a similar estimate was obtained with the 

anti-CD3 staging model. The CD4 model predicts that 10.2% (95% CI, 9.9-13.1%) will remain 

AIDS-free 15 years after seroconversion. The mean number of stages visited before AIDS is 

lower with the CD4 model (7.4; 95%CI, 7.2-7.7) than with the anti-CD3 model (11.3; 95%CI, 

10.8-12.0), implying that anti-CD3 predicts progression less well than CD4 cell count. 

Conclusions: CD4 lymphocyte counts and anti-CD3 reactivity are each associated with an 

increased hazard for progression to AIDS. Therefore, men in different CD4-stages (anti-CD3 

stages) follow different incubation period distributions to AIDS. However, anti-CD3 predicts 

progression less well than CD4 cell count. Staged time-continuous Markov models are useful to 

study immunological markers for HIV disease progression. 

Keywords: Immunological marker, CD4 counts, anti-CD3 reactivity, HIV disease progression, 
Markov model, incubation period distribution, homosexual men. 
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Use of Immunological Markers and Continuous-
time Markov Models to Estimate Progression of 

HIV Infection in Homosexual Men 

Markers of immune function are the main indicators of progression of 

HIV disease. Because CD4-lymphocytes are killed directly or indirectly by 

HIV [1], eventually resulting in immunodeficiency, the number of CD4 T-

cells is an important indicator of the progression of HIV disease after 

infection. CD4 counts are useful in monitoring HIV disease progression in 

individual patients despite considerable inter-person and intra-person 

variability, and current medical practice calls for antiretroviral and 

prophylactic therapy against certain opportunistic infections when the CD4 

cell counts drop below certain levels. CD4 counts are also used to evaluate 

response to therapy [2,3] and to estimate the unknown dates of HIV 

seroconversion of persons who are HIV-positive when enrolled in cohort 

studies (seroprevalent persons), allowing estimation of the incubation period 

distribution (IPD) from prevalent cohort data [4,5]. The IPD can also be 

estimated without imputing the unknown dates of seroconversion using staged 

Markov models based on CD4 cell counts, by assuming that the present stage 

of HIV infection determines disease progression [6,7,8]. The advantage of 

using a Markov model is that it makes full use of data from individuals who 

are seropositive at recruitment but does not rely on assumptions about their 

time of infection, which may affect the estimated IPD [9]. It also allows 

marker values and progression to AIDS to be modeled jointly. 

Because evidence indicates that HIV-induced immunodeficiency is not 

caused solely by a shortage or persistent loss of CD4 cells [10,11,12], other 

markers of progressive immunodeficiency should also be evaluated. One 

characteristic of the immune system that is thought to play a significant role 

is the performance or quality of T cells [13]. In a recent study it was 

demonstrated that in HIV infection the T-cell reactivity to soluble CD3 
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monoclonal antibody (anti-CD3) measured in a whole blood lymphocyte 

culture technique is an independent prognostic factor for disease progression 

[14]. 

In this paper we used reversible continuous-time Markov models based 

on CD4 cell counts to examine the progression of HIV infection in a cohort 

study of homosexual men in Amsterdam. We also assessed the success of this 

type of model when the stages are based on anti-CD3 reactivity. 

Materials and Methods 
Study Population 

We used data from homosexual and bisexual men who participated in a 

cohort study in Amsterdam [15,16]. This study, which started in October 

1984, has ongoing enrolment and follow-up of both HIV-positive and HIV-

negative men. HIV-positive men visit the Municipal Health Service every 3 

months, where virologie, immunologic and clinical data are collected. All 

HIV-positive men with two or more CD4 counts in their AIDS-free period 

were included in this analysis, which is based on data from visits between 

October 1984 and March 1993. During this period, 467 HIV-positive men 

aged 25-50 years had a total of 6905 visits. HIV-seropositive individuals had 

an average of 14.8 pre-AIDS visits (range, 2-33; interquartile range Q1-Q3, 7-

22). We used the 1987 Centers for Disease Control and Prevention (CDC) 

AIDS case definition [17]. By March 1993, 151 men had developed AIDS 

(33 seroconverters and 118 seroprevalent men), of whom 109 had died (all, 

except five, after being diagnosed with AIDS). 

T-lymphocyte Subset Determination 

Peripheral blood mononuclear cells were isolated from heparinized blood 

by density-gradient centrifugation. Numbers of CD4+ cells per mm3 were 

determined by immunofluorescence and flow-cytometry [18]. 

Anti-CD3-induced Normal T-cell Proliferation 

The whole blood lymphocyte culture technique is performed [19]. In this 

technique, 15 pi blood is diluted 1:10 and stimulated with CD3 monoclonal 
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antibody (CD3-mAb CLB T3/4.E, Central Laboratory of the Netherlands Red 

Cross Blood Transfusion Service, Amsterdam, The Netherlands). The 

proliferate response was measured after 4 days of culture by incorporating 3H-

thymidine, added 24 hours before harvesting. The reactivity is measured in 

counts per minute. 

Staged Markov Model 

We modelled the process of HIV disease progression by using a 

reversible continuous-time Markov model [20] with seven stages after HIV 

infection (Figure 1). Stages 1 to 6 are defined by ranges of values of the 

immunological marker, with immune function decreasing as the stage 

increases. Stage 7 corresponds to AIDS. Transitions were allowed between 

adjacent marker-based stages. Because the last observed stage before an AIDS 

diagnosis was 1, 2, or 3 at only five visits when the CD4 staging scheme was 

used, and at only seven visits when the anti-CD3 scheme was used, 

transitions from marker-based stages to AIDS were only allowed from stages 

4 to 6. Thus, the model is specified by 13 parameters (A^ that determine the 

instantaneous flow from the ith to the ;'th stage. For example, A47 is the 

instantaneous transition rate from stage 4 to 7. 

Consistent with earlier studies [6,7], we defined stages 1 to 6 for our 

CD4 model to be >900, 701-900, 501-700, 351-500, 201-350 and 0-200xl06/l, 

respectively. As this staging scheme has been shown to break the incubation 

period into relatively even time periods [6,7,10], we used it to establish a 

staging scheme for anti-CD3. Stage boundaries for anti-CD3 were determined 

by regressing anti-CD3 on CD4 levels for all visits at which both markers 

were determined. The stage boundaries for the anti-CD3 model were taken to 

be the predicted anti-CD3 at the stage boundaries of the CD4 model. The 

resulting ranges for stages 1 to 6 in the anti-CD3 model are >3760, 

3001-3760, 2001-3000, 1221-2000, 601-1220, and 0-600 c.p.m., respectively. 

Because both CD4 and anti-CD3 measurements are characterized by both 

measurement error and short time-scale variability, we fit the Markov model 

to smoothed data. Data from each individual were smoothed using a kernel 

smoother [21] applied to log-transformed data to determine the stage for that 
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Stages of HIV infection 

A12 A 2 3 

A,4 7 

^ 3 4 

^ 5 7 

, ^ 4 5 
A12 A 2 3 

A,4 7 

^ 3 4 

^ 5 7 

, ^ 4 5 . ^ -56 6 7 r " ^—i 
1 • " * - ' 3 <D=^ » z^n 6 I "• 7 

CD4: 

anti-CD3 : 

>900 

À21 À 32 A, À, À 65 

900-701 700-501 500-351 350-201 200-0 A | D S 

>3760 3760-3001 3000-2001 2000-1221 1220-601 600-0 AIDS 

Figure 2. The reversible HIV staged process used in the Markov model. Persons in stage 1 to 6 
are infected but have not developed AIDS and those in stage 7 have an AIDS 
diagnosis. The model permits backflow and direct progression from stages 4 and 5 to 
AIDS. The /L values are the monthly transmission rates. The definitions of stages used 
in the CD4 model and the anti-CD3 model are indicated beneath each stage. 

individual at each visit. Additional data from our cohort allowed us to 

estimate the short-time variability of the immunologic markers we used. For 

CD4 cell counts, an additional 1237 measurements taken between the regular 

3-monthly measurements were treated as repeated measures. The bandwidth 

of the smoother was chosen so that the variance of the residuals (i.e., the 

difference between the observed and smoothed values) was equal to the 

variance of the repeated measurements. All variances were calculated using 

log-transformed data. The standard error (e) of these replicate observations 

within 1.5, 1 and 0.5 months was 0.29 (n=936), 0.28 (n=385), and 0.25 

(n=61), respectively. We extrapolated this trend to 0 months using weighted 

linear regression and used this value (<?=0.24) as our estimate of the short 

time-scale variability of CD4 measurements. Note that this value is close to 

the 8-week variability (e=0.25) [22] and noticeable larger then the within-test 

variability (e=0.19) [23], reported in previous studies. The value of the 
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bandwidth of the kernel-smoother corresponding to our choice of e was 1.2 

years. An analogous procedure for the anti-CD3 data resulted in a standard 

error of e=0.48, corresponding to a bandwidth for the smoother of 0.7 years. 

When we used this bandwidth, the anti-CD3 data appeared to be 

undersmoothed, resulting in an excessive number of transitions between 

marker-based stages before the onset of AIDS. To avoid rejecting anti-CD3 as 

a marker of disease progression because of this, we used the same bandwidth 

(1.2 years) to smooth data from both immunological markers; for the anti-

CD3 data, this bandwidth corresponds to e=0.56. Note that because smoothing 

tends to result in a fitted Markov model with fewer stages visited before 

AIDS, this choice may exaggerate the effectiveness of anti-CD3 as a marker 

of HIV disease progression. 

The model parameters (A) were estimated using maximum likelihood 

methods [24]. The distributions of the first passage times were generated from 

10 000 simulations using the estimated A's and exponential waiting times. To 

account for the effect of smoothing on our estimates, variances were 

calculated by a bootstrap procedure. Residuals for each stage were determined 

by subtracting the observed marker value from the smoothed value obtained 

using the optimal bandwidth. Bootstrap iterates were then generated at each 

observation time by sampling from the calendar-period-specific set of 

residuals and forming a new 'observation' by adding the bootstrapped residual 

to the smoothed value. A new smoothed value was then obtained by using a 

kernel smoother on the new observations. The Markov model was fitted to 

the new smoothed values to obtain a new estimate of the A. This procedure 

was repeated 250 times. Confidence intervals (CI) for A values were then 

obtained using the percentiles method [25]. Bootstrap CI for the median first 

passage times from one stage to another and median times to AIDS were 

calculated in a similar way. We also calculated the expected number of stages 

visited before an AIDS diagnosis as a measure of how well a marker predicts 

progression. 

Results 
In this study, 467 HIV-positive men were included providing a total of 
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6905 visits with CD4 cell count measurements: 355 were seropositive at their 

first visit, and 112 seroconverted during follow-up. Anti-CD3 reactivity has 

been measured for men in the Amsterdam study since September 1987. Data 

from 405 men with a total of 4645 visits were used for analyses involving 

anti-CD3 reactivity. Of the 112 HIV-positive men who seroconverted after 

enrolment, 41 men had an anti-CD3 reactivity measurement at their first 

seropositive visit. Antiretroviral or prophylactic treatment was reported by 135 

men at 1027 visits (15%). Zidovudine was used preceding 676 visits; 

Pneumocystis carinii pneumonia (PCP) prophylaxis was reported at 142 visits; 

and at 209 visits both forms of treatment were reported. Men reported PCP 

prophylaxis using trimethoprim-sulfamefhoxole at 214 visits and prophylaxis 

using aerosolized pentamidine at 137 visits 

FEB1990 N0V1992 

Figure 3. The smoothed (broken line) and the measured CD4 counts (solid line) of one 

individual (27 visits). The average number of visits was 14.8. 
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Figure 2 shows the measured and smoothed CD4 counts of an individual 

with 27 visits (the average number of visits is 14.8). It shows that the 

smoother is capable to make the marker-path recognizable (in this individual, 

a slow-to-steep decrease from study entry to AIDS). This example also 

visualizes the reduction of the fluctuation obtained by the kernel smoother in 

one individual, whereas the overall reduction equals the average measurement 

error and short-time scale variability (<?=0.24) which corresponds to an 

average coefficient of variation of 24% for the absolute (nontransformed) 

CD4 cell count. After smoothing only transitions to the nearest CD4-stage 

(forward: lower CD4 levels; back: higher CD4 levels) were observed between 

two successive 3-month visits. The ratio of forward transitions to back 

transitions is 4:1. 

Table 1. Estimated monthly transition rates (95%CI) of two immunological staging systems of 
HIV infection using a reversible Markov model. 

Rate CD4 stages Ant i -CD3 stages 

Xn 0.055 (0.047-0.066) 0.035 (0.028-0.038) 
A.J 0.008 (0.007-0.014) 0.040 (0.031-0.052) 
X2i 0.060 (0.054-0.066) 0.098 (0.097-0.128) 
X32 0.008 (0.007-0.011) 0.030 (0.020-0.035) 
XM 0.039 (0.037-0.043) 0.077 (0.066-0.083) 
A,4 3 0.008 (0.007-0.011) 0.026 (0.018-0.027) 
A,45 0.033 (0.031-0.035) 0.063 (0.051-0.063) 
X„ 0.006 (0.006-0.008) 0.007 (0.007-0.011) 
X,4 0.009 (0.006-0.011) 0.024 (0.015-0.024) 
X56 0.029 (0.022-0.029) 0.036 (0.031-0.041) 
X51 0.007 (0.007-0.010) 0.006 (0.004-0.008) 
X65 0.002 (0.001-0.006) 0.013 (0.007-0.014) 
X61 0.042 (0.034-0.043) 0.026 (0.023-0.027) 

CI, Confidence interval; X-,,, Monthly transition rate from stage i to stage j . 

The smoothed CD4 counts were fitted to the model using stages 1 to 6 

shown in Figure 1. The estimated monthly transition rates (/L) with 95% CI 

are presented in Table 1. These A values can be used to compute the 

cumulative probability distributions of first passage time from any stage to 

any other stage. The IPD to AIDS (stage 7) from each stage is easily 

73 



Immunological Staging of HIV Disease Progression 

calculated: the distribution of time from seroconversion to AIDS is a 

weighted sum of these stage-specific IPD, where the weights are the stage-

occupation frequencies at seroconversion. The stage-occupation frequencies at 

seroconversion were approximated by the stage-occupation frequencies of the 

first HIV-positive sample among seroconverters; these stage assignments were 

made using the smoothed marker values. For the CD4 model, these 

frequencies were 0.144, 0.288, 0.279, 0.231, 0.058, and 0 for stages 1-6, 

Table 2. Cumulative proportion (95%CI) developing AIDS by year since seroconversion 
estimated by different models. 

Year CD4 staging to AIDS Anti-CD3 staging to AIDS K-M to AIDS 

1 0.001 (0.000-0.002) 0.009 (0.006-0.018) 0.009 (0.000-0.025) 
2 0.03 (0.03-0.04) 0.07 (0.04-0.07) 0.03 (0.00-0.06) 
3 0.05 (0.05-0.07) 0.15 (0.11-0.15) 0.09 (0.03-0.14) 
4 0.11 (0.10-0.13) 0.22 (0.17-0.22) 0.19 (0.11-0.27) 
5 0.18(0.17-0.21) 0.29 (0.25-0.29) 0.30 (0.20-0.39) 
6 0.28 (0.26-0.29) 0.36 (0.33-0.37) 0.40 (0.29-0.50) 
7 0.37 (0.35-0.38) 0.43 (0.40-0.44) 0.43 (0.32-0.53) 
8 0.47 (0.44-0.48) 0.49 (0.46-0.51) 0.50 (0.39-0.62) 
9 0.58 (0.54-0.58) 0.56 (0.53-0.58) 0.55 (0.43-0.68) 
10 0.66(0.61-0.66) 0.61 (0.60-0.65) NA 
11 0.73 (0.70-0.73) 0.66 (0.65-0.70) NA 
12 0.79 (0.75-0.79) 0.71 (0.70-0.75) NA 
13 0.83 (0.80-0.83) 0.75 (0.64-0.80) NA 
14 0.87 (0.84-0.87) 0.79 (0.78-0.83) NA 
15 0.90 (0.87-0.90) 0.82 (0.81-0.86) NA 
16 0.92 (0.89-0.92) 0.85 (0.84-0.89) NA 
17 0.94 (0.91-0.94) 0.87 (0.86-0.91) NA 
18 0.95 (0.93-0.95) 0.89 (0.88-0.92) NA 
19 0.96 (0.95-0.96) 0.91 (0.90-0.94) NA 
20 0.97 (0.96-0.97) 0.92 (0.91-0.95) NA 

CI, Confidence interval; AIDS, Centers for Disease Control 1987 AIDS case definition; K-M, 

Kaplan-Meier estimator applied to data up to November 1994; NA, Not applicable. 

respectively. The IPD to AIDS predicted by our CD4 model is shown in 

Table 2. The median time from seroconversion to AIDS is 8.3 years (95% CI, 

8.1-8.6); the mean time is 9.0 years. Although every HIV-infected individualis 

estimated to ultimately develop AIDS, 10.2% (95% CI, 9.9-13.1) will not 

have AIDS 15 years after seroconversion (Table 2), and 6.6% (95% CI, 
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6.2-9.0) will have neither AIDS nor a CD4 cell count less than 200xl06/l at 

that time. 

The dependence of the hazard for progression to AIDS on CD4 cell 

count is accounted for by the parameters A47, Â57 and A67 (Table 1). This 

hazard grows systematically as CD4 decreases (although the hazard in stage 4 

is not significant different from that in stage 5). The model permits direct 

flow from stage 4 and 5 to AIDS, allowing the possibility of never passing 

through stages 5 and 6 (i.e., of developing AIDS with a CD4 count above 350 

or above 200x106/l). We estimated that 14% of men in this cohort develop 

AIDS without ever having a CD4 count below 350xl06/l, and 33% develop 

AIDS without ever having a CD4 count below 200x106/l. 
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Figure 4. The log-transformed CD4 and anti-CD3 values of each individual at the first visit with 
both measurements known. 

Figure 3 shows the distribution of the log-transformed CD4 and anti-

CD3 values of each individual at their first visit with known measurements. 
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Table 3. The number of CD4 measurements and the number and median (Q1-Q3) of anti-CD3 
by stage of CD4. 

CD4 cells 

(xl06/l) 
n 

>900 507 
701-900 735 
501-700 1555 
351-500 1711 
201-350 1455 

0-200 794 
AIDS 65 

Anti-CD3 cells 

n Median (Q1-Q3) 

219 4410 (1990-6880) 
374 3475 (1700-5740) 
934 2695 (1200-4750) 

1186 1510 (720-3000) 
1095 1010 (410-2100) 
655 350 (120- 900) 
46 150 ( 60- 580) 

Q1-Q3; First to third quartile; n, Number of determinations. 

Table 3 shows the median, the first quartile, and the third quartile of the anti-

CD3, by AIDS and pre-AIDS stages on the basis of CD4 count. The median 

of the anti-CD3 cell counts decreases systematically with CD4-based stage, 

dropping from 4410xl06/l in stage 1 to 350x106/l in stage 6. Although the 

median anti-CD3 decreases sharply as the CD4 stage increases, the overlap of 

the interquartile ranges indicate that staging individuals using anti-CD3 

instead of CD4 will provide a substantially different classification. Note that 

no immunological data were available at the date of diagnosis for about 50% 

of the persons with AIDS, and anti-CD3 data were only available since the 

end of 1987. 

Stages 1 to 6 were defined by the ranges of the anti-CD3 reactivity as 

indicated in Figure 1. The distribution of initial stage occupancies for 

seroconverters for the anti-CD3 model was 0.317, 0.146, 0.098, 0.171, 0.171, 

and 0.098 for stages 1-6, respectively. The transition parameters of the anti-

CD3 staging system were estimated in the same way as those of the CD4 

model (Table 1). The dependence of the hazard for progression to AIDS on 

anti-CD3 is accounted for by the parameters Â47, A57 and A67 (Table 1). This 

hazard is four to five times greater in stage 6 than in stages 4 and 5, 

indicating that a low anti-CD3 value is associated with progression to AIDS. 

However, it is informative to compare the anti-CD3 model with the CD4 
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model by computing the proportion of 'progressive' transitions leaving each 

stage (defined as leaving a stage for a new stage with a higher number), as a 

proportion of all transitions. Excluding transitions out of stage 1 (which are 

necessarily 'progressive'), this proportion ranges from 0.83 to 0.96 for the 

CD4 model and 0.64 to 0.73 for the anti-CD3 model. This difference is also 

reflected in the expected number of stages visited before an AIDS diagnosis 

(Table 4). Because of the smaller proportion of progressive transitions in the 

Table 4. The median (95%CI) time to AIDS and the mean (95%CI) number of stages passed 

before AIDS by stage and by staging model. 

CD4 staging model anti-CD3 staging model 

Stage median time mean number median time mean number 

1 
2 
3 
4 
5 
6 

10.9 (10.7-11.4) 
9.4 (9.3-9.8) 
7.7 (7.6-8.2) 
5.5 (5.4-5.9) 
3.8 (3.8-4.2) 
1.9 (1.8-2.3) 

7.4 (7.2-7.7) 
6.4 (6.1-6.7) 
5.1 (4.8-5.4) 
3.6 (3.4-3.8) 
2.5 (2.3-2.6) 
1.1 (1.1-1.4) 

12.0 (11.2-12.3) 
9.6 (9.0-9.9) 
7.6 (7.4-7.9) 
5.8 (5.4-6.0) 
4.3 (4.1-4.5) 
2.4 (2.3-2.7) 

11.3 (10.8-12.0) 
10.3 (9.8-11.0) 
8.5 (8.0-9.1) 
6.4 (5.8-6.7) 
4.7 (4.1-4.9) 
2.6 (2.1-2.8) 

CI, Confidence interval. 

anti-CD3 model, the number of stages visited is considerable larger for this 

model than for the CD4 model. As a result, the anti-CD3 does not seem to 

provide as useful a staging of HIV disease as does CD4. 

The median time to AIDS from each stage (Table 4) also indicates that 

the CD4 model outperforms the anti-CD3 model. In the anti-CD3 model, 

those individuals at highest risk for AIDS (i.e., individuals in stage 6) do not 

progress to AIDS until a median of 2.4 years, in contrast to individuals in 

stage 6 of the CD4 model who will develop AIDS a median of 1.9 years. 

This difference is not due to the stage boundary for stage 6 in the anti-CD3 

model being set too high, since the proportion of observations in stage 6 of 

the CD4 model (11.9%) is comparable to the equivalent proportion in the 

anti-CD3 model (14.5%). Rather, individuals in stage 6 of the anti-CD3 

model visit an average of 2.6 marker-based stages before an AIDS diagnosis, 

whereas individuals in stage 6 of the CD4 model who visit an average of 1.1 
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marker-based stages before AIDS. Although the differences between the CD4 

and anti-CD3 model could also be the result of undersmoothing the anti-CD3 

data, this explanation is less likely because we chose a larger smoothing 

parameter for the anti-CD3 model than the variability of the anti-CD3 

replicates called for. Finally, we also considered whether the failure of the 

anti-CD3 model was due to the diminished number of observations for which 

anti-CD3 was available. Fitting the CD4 model using only CD4 values at 

observations for which anti-CD3 was also available, we found almost 

identical mean times to AIDS and mean passage times when only these 
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The cumulative distribution function of the incubation period for AIDS in homosexual 
men. The step function indicates the Kaplan-Meier) estimators, with the upper and 

lower confidence limits (+++), using only data from the seroconverters. ( ), 

incubation period distribution (IPD) using the CD4 marker model; ( ), IPD 

using the anti-CD3 marker model. 

observations were used and when all observations were used. Therefore, the 
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restricted observations. 

When compared with the estimates based on the Kaplan-Meier 

analysis,differences between the estimates from both models are not due to 

the the estimates based on the CD4 staging scheme are somewhat lower for 

the early years but are quite close for the later years (Table 2). For example, 

the proportion with AIDS diagnosis at year 9 is 55% based on the Kaplan-

Meier analysis and 58% based on the CD4 staging scheme. The rough 

agreement between the Kaplan-Meier estimates and the estimates based on the 

Markov staging models is a one good check of model validity (Figure 4). 

Discussion 

In this study we have considered two staging systems for describing 

progression to AIDS in a cohort of homosexual and bisexual men in 

Amsterdam. One system is based on CD4 cell count, and the second on T-cell 

quality as measured by reactivity to CD3 M Ab. Reactivity to CD3 MAb was 

chosen because it activates T-cells via the T-cell receptor/CD3 complex, 

mimicking antigenic stimulation and avoiding the problem that the donors of 

the blood has to be sensitized against a particular antigen. We found that CD4 

cell count and anti-CD3 reactivity were each associated with an increased 

hazard for progression to AIDS. However, decreases in CD4 cell count 

successfully stage HIV disease in this cohort, whereas a decrease in anti-CD3 

reactivity does not. This difference is neither due to stage boundaries, nor to 

undersmoothing the anti-CD3 values, nor to selection bias of the anti-CD3 

data. In both analyses, measurement error and short time-scale biological 

variability in marker values were accounted for by smoothing the observed 

values before fitting the model. The amount of smoothing was determined by 

assessing the variability in replicate observations made on the same individual 

taken within a few months. 

Using the CD4-based staging system, we have estimated the incubation 

period distribution (IPD) for the Amsterdam cohort. The estimated CD4-based 

IPD using the data up to March 1990, agrees with a previous study using the 

same cohort data [9]. In this earlier study, a sensitivity analysis was 
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conducted to estimate the effect of assumptions on the unobserved part of the 

incubation period of seroprevalent persons [9]. The estimated median time 

from seroconversion to AIDS ranged from 7.3 to 9.2 years, depending on the 

choice of the IPD and on the choice of the distribution of the date of 

infection. 

The IPD has been observed to be affected by treatment [7]. Before 

March 1990, only persons with AIDS-related complex or AIDS received 

zidovudine in this cohort. In addition, lack of consensus about primary PCP 

prophylaxis for asymptomatic HIV-positive persons resulted in no PCP 

prophylaxis being given to any cohort member before March 1990. Because 

both zidovudine and PCP prophylaxis are indicated by CD4 levels, their 

separate effects on the IPD are difficult to determine. After 1 March 1990, 

treatment was involved at over 75% (n=301) of the visits associated with a 

CD4 level below 200xl06/l and 35% (n=214) below 350xl06/l, compared 

with 22% (n=59) and 13% (n=97), respectively, before this date. 

To determine wether the length of the incubation period has been 

changing over time, possibly as a result of treatment, we conducted separate 

analyses of data from visits before and after 1 March 1990. The estimated 

median incubation period from CD4-stage 1 (ie CD4 cell count > 9000x106/l) 

to AIDS was 14.4 years (mean, 15.8 years) using data from visits after 1 

March 1990, which is significantly greater then the 10.2 years (mean, 11.4 

years) obtained by using data from visits before this date. Although the 

proportions of progressive transitions in any stage before and after March 

1990 are similar, the mean waiting times in stages 4, 5 and 6, are over 1.5 

times greater after March 1990, suggesting that differences in the last part of 

the staging system accounts for the lengthening of the IPD. The median times 

from seroconversion to AIDS before and after March 1990 are estimated at 

7.6 years and 9.8 years, respectively. However, this increase does not 

necessary correspond to a lengthening of the total time from seroconversion 

to death. 

Our analyses use the Markov assumption that current marker value alone 

predicts future progression. The major advantage of this type of analysis, 

compared with standardized survival techniques, is that no additional 
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assumptions are required concerning the disease history of seropositive 

individuals before study enrolment. In this perspective, this model is suitable 

to obtain longterm estimates from combined data of HIV-seroincident and 

HIV-seroprevalent cases. This model also allows joint analysis of the 

longitudinal marker data and time to AIDS. Following the literature, six CD4-

stages were used based on their clinical relevance and in order to divide the 

incubation period in equally time-spaced intervals. The smoothed CD4 paths 

of individuals are approximately continuous in time. Taking fewer stages 

would therefore result in loss of information. This may be considerable, 

because from our analysis it follows that individuals in different stages follow 

different IPD to AIDS. It is possible that, because of 'frailty' selection, a 

rapidly progressing subgroup is underrepresented in the later years of our 

analysis. However, this effect is moderated in the Amsterdam cohort by 

continued enrolment of seronegative men at risk for subsequent 

seroconversion. In addition, the Amsterdam cohort study was begun in the 

early years of the HIV epidemic in The Netherlands, and has nearly 9 years 

of follow-up at the endpoint of this study. 

Satten and Longini [8] used the same CD4-based staging scheme 

employed in this paper to analyze disease progression in 381 HIV-infected 

men enrolled in the San Francisco Men's Health Study (SFMHS) from June 

1984 to March 1991. Among the men in the SFMHS, the median waiting 

times from stages 1-6 to AIDS were estimated to be 12.7, 10.4, 8.2, 5.5, 3.5, 

and 1.5 years, respectively. Comparing these estimates to the CD4-based 

estimates in Table 4 reveals that the waiting times from stages 4-6 to AIDS 

are extremely close in the Amsterdam and San Francisco cohorts, but the 

waiting times from stages 1-3 to AIDS are about a year longer among men in 

the SFMHS. The estimated median AIDS incubation period (since 

seroconversion) for the SFMHS cohort is 10.3 years, as compared with 8.3 

years for the Amsterdam cohort. Although the disease progression rates are 

roughly similar, differences in the early progression rates in the two cohorts 

deserve further investigation. Because these differences concurs with the 

earlier stages it is not likely that treatment or access to treatment can explain 

these differences, whereas different age distributions can. 
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Although the staging scheme used by Satten and Longini [8] was the 

same as the one used in this analysis, they used 'hidden' Markov modelling 

techniques to fit the model to data. In this method, the model is fit directly to 

the data (i.e., observed CD4 cell counts over time) without first smoothing the 

data. The error structure of the data is incorporated directly into the likelihood 

function, and the 'true' course of the CD4 cell depletion of HIV-infected 

persons is estimated from the estimated À values of the Markov model. The 

methodology presented in this paper, in which the data are smoothed before 

the Markov model is fit, is more straightforward than the hidden Markov 

modelling method. However, as shown above (Materials and ethods), the 

choice of the bandwidth of the kernel smoother is important. We have 

presented an ad hoc method for choosing the bandwidth here, but the 

development of a more rigorous method is a topic of current research. 
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Appendix A 

A Markov process is a stochastic process, which is described by a set of 

states and a discrete stochast, X(t), that indicates the state of a person (or a 

system) at time t. The transition probability, P^TJ), is the probability that a 

person who is in stage i at time T will be in stage j at time t. So, 

Ps(r,t)=P[X(t)=j\x(r)=i] 

A Markov process is said to have 'no memory'. This means that, for each set 

t0<t,<...<ti<...<tj and k0, k,,...., kj holds that: 

p [X{t )=kj \x(tQyk0,....x(L y-k^-p [X(tjy-k. \x(tt y-L] 

Also there are continuous functions, often referred to as intensity functions or 

(instantanuous) hazard functions as follows: 

l i m _ ^ i l J -=-X..(t) 
A n v / 

A - 0 A 

Note, that : if P,/r,rJ = <5,7 , with S„ =1 and 8^ =0, for tij, then 

lim ̂ 4 =À..(f) i*j 

X.. = jLp..(tft)\, i, d t tj\> ; I I - T 

We assume that, first the system is homogenous in time, so 

P,7(T,O= JP,(0/-T) 
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implying that \- is independent of t and, second that the system is closed, so: 

implying, that: 

£ P , ( T , 0 = 1 t>r 

x..=-yx. 

Under these conditions, the transition probabilities in a continous-time 

Markov model can be calculated, using exponential waiting times in each 

state. For the moment, we define seven irreversible stages of HIV 

progression. Persons in stage 1-6 are HIV-infected and defined by levels of 

CD4 count and persons in stage 7 have an AIDS diagnosis. The transition 

probability, P,/T,?), that is the probability that a person who is in stage i at 

time T will be in stage j at time t is then: 

If k < 6, 

P,kM 

exp(-kj(t-T)) 

(k -i \ 

(-1) 
k-j UKT, 

V=/ / r=l 

exp(-Xr(t-T)) 

i-i 

l*r 

:j=k 

:j<k 

and if k=7, 

Pp{r,t) - < -n6-/ (-1) 
/ 6 \ 6 

UM E 
\r=j J r=j 

[l-exp(-A.r(f-T))] 

l*r 

•)=1 

i < 7 
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The likelihood is then formulated in terms of the transition probabilities. 
Let the i-th individual have (n^H-^-observations: 

fa & H f a o # o ) . ( T i i & i ) > • • • • > ( T ^ , ^ ) ] 

with xjs and yis being the time and stage of observation 5 of individual i. The 

contribution of individual i to the likelihood is: 

M*)=n^(wi . - i ) 

and the likelihood of n individuals is: 

L(X) = f[Li(X) 
i 

Maximalisation for the Xs gives MLE-s of the model parameters. 

Appendix B 
A kernel smoother with triangular weights was used to account for the 

measurement error and short time-scale variability of the individual CD4 

counts. In order to stabilise the variance for levels of CD4 count all variances 
h 

were calculated using log-transformed data (LCD4). Let LCD4 it denote the 

smoothed LCD4 count of a person i at time t using kernel-bandwith h. Then, 

h 
E^CD*.*, 

LCL>4 it - a n c j 

j 
£> 

0 :\tj-t\>h 

h -\t-tj\ 

h 
:\t-t\<h 
1 ; 1 

Because the choice of the value of h is eminent to evaluate marker disease 

progression, an optimalisation for h is required. Let var( LCD4At ) denote the 

variance of the measurement error and short time-scale variability. Then h is 

optimal if: 
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lim var (LCD4 A,) = (LCD4- LCD 
At JO 

h\2 

And our estimate of var( LCD4Al ) is obtained from the mean of the standard 

error of the replicates in the intervals A? . 

Appendix C 
In order to account for the effect of smoothing on the variability of 

the estimates, bootstrap procedures were used to calculate confidence 

intervals. The Figure shows the scheme that was used to calculate the 

estimates and the confidence intervals of the statistics concerning the 

incubation period distribution (IPD), as there is the centiles of the distribution 

of any state to any other state and number of stages visited. The top line in 

the figure represents the procedure to obtain the estimates. In the first step, 

the smoothed CD4 count are obtained, using bandwith h, (CDh
4) from the CD4 

count. Second, the Markov model is fitted to the smoothed CD4 count to 

obtain estimates of the transition parameters {{Atj}) and third, the statistics of 

the IPD were calculated through simulation. The bottom line shows the 

bootstrap procedure. First, the new smoothed-CD4 counts were obtained, using 

the same bandwith h, (CDh
4k), second, new estimates of A {{Atj}^ and, third, 

new statistics of the IPD (IPDk) were obtained. Subsequently, confidence 

intervals were calculated using the percentiles method after performing the 

total number of repeated procedures (i.e. k =1,2, ,200). 

CD4 > C D \ > {Ày] -> IPD 

V 
CDh 

4,k — > { A i i } k - - > I P D k 
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SUMMARY 
Objectives: To estimate the incubation-period distribution (time from seroconversion to AIDS) 

accounting for death before an AIDS diagnosis (DBAD) in a cohort of injecting drug users (IDU) 

in Amsterdam, The Netherlands and to compare these estimates with those previously obtained 

from a contemporaneous study of homosexual and bisexual men in Amsterdam carried out using 

the same facilities. 

Design: Participants in a cohort study begun in Amsterdam at the end of 1985 have scheduled 

follow-up visits every 4 months. All participants of Dutch nationality and who had two or more 

follow-up visits before January 1996 from which CD4 measurements were available were 

included in this study. Data concerning AIDS diagnosis and death were verified through review of 

national and municipal registries. 

Methods: Because time of seroconversion was unknown for study participants and because IDU 

are at substantial risk for DBAD, we used a Markov model with CD4-based stages which allows 

for DBAD. The parameters in this model were estimated using the method of maximum 

likelihood and confidence intervals were calculated using bootstrap methods. 

Results: A total of 173 IDUs (134 seroprevalent, 39 seroincident) made 1829 visits. Nearly 10% 

of the visits were non-consecutive and for 2% of the visits two or more consecutive scheduled 

visits were missed. Forty five IDU developed AIDS and 25 died without an AIDS diagnosis. We 

estimated that 24% [95% confidence interval (CI), 17-25%] of IDU die before an AIDS 

diagnosis. As a result, the median time from seroconversion to AIDS (10.5 years, 95% CI, 

9.1-10.7 years) is considerably longer than the median time from seroconversion to death (8.3 

years, 95% CI, 7.9 - 8.5 years). Conditional on survival to an AIDS diagnosis, the median time 

to AIDS is 8.2 years (95% CI, 7.7-8.7 years). The median survival time after a diagnosis of AIDS 

is estimated to be 1.0 years. 

Conclusions: The high occurrence of DBAD in IDU has a considerable influence on estimates of 

the incubation-period distribution. Progression from seroconversion to death was faster than in a 

cohort of homosexual men in Amsterdam (median, 8.3 years and 9.6 years, respectively). 

However, progression to AIDS conditional on survival to an AIDS diagnosis seems to be similar 

in both the IDU cohort and in the cohort of homosexual men (median, 8.2 years and 8.3 years, 

respectively). 

Keywords: Death before AIDS, HIV disease progression, Incubation period distribution, Injecting 
drug users, CD4 counts, Markov model. 



CD4 Staging in Drug Users with HIV-Infection 

The Incubation Period to AIDS among Injecting 
Drug Users Estimated from Prevalent Cohort 
Data, Accounting for Death Prior to an AIDS 

Diagnosis 

The natural history of infection is characterized by progressive damage 

of the immune system, ultimately leading to AIDS. The time from infection 

to AIDS may differ among HIV-infected persons from several months [1,2,3] 

to over 13 years [4,5,6]. Both short-term and long-term HIV disease 

progression has been studied using immunological and virological disease 

indicators. Results from several studies of recipients of blood or blood 

products and of homosexual men show that the median incubation period is 

approximately 8 to 11 years [7,8,9,10,11,12], depending on censoring 

strategies and mean age [13]. However, less is known about the natural 

history of HIV-infection in injecting drug users (IDU). Injecting drug use is 

the most important transmission route of the HIV in several countries in 

southern of Europe [14] and in the Asian-Pacific region. 

Age, and possibly other cofactors such as route of transmission, general 

health, lifestyle and viral factors, may influence the length of the incubation 

period. Hence it is of interest to study the incubation period in specific 

transmission groups. Unlike HIV-infected homosexual men, HIV-infected IDU 

commonly die before being diagnosed as having AIDS [15,16]. Although 

injecting drug use itself is associated with higher mortality, mortality seems 

even higher in HIV-infected IDU then in non-HIV-infected IDU [15]. A 

variety of causes of death [including overdose/suicide, pneumonia, 

endocarditis/sepsis, liver function failure) occur in both HIV-infected and 

uninfected IDU, which makes it difficult to understand the relationship 

between HIV infection and death before an AIDS diagnosis (DBAD) among 

IDU. 

In this study, we used CD4 counts, a widely accepted marker of HIV 
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disease progression, in a staged Markov model to estimate the incubation-

period distribution (IPD) of AIDS in a prevalent cohort of IDU in 

Amsterdam, The Netherlands. A Markov model was used because it can 

easily account for the doubly censored data that characterize a prevalent 

cohort; it can also be constructed to allow for the possibility of DBAD. These 

features allowed us to estimate progression rates for both AIDS and death, as 

well as the progression rates for AIDS obtained by removing the effect of 

DBAD. Staged models of disease progression that use CD4 measurements 

must take into account the high degree of measurement error and biological 

variability in CD4 counts [7]; in this study, we accounted for this by 

smoothing the data before fitting the Markov model [10]. 

Materials and Methods 

Study Population 

The data used in our study were obtained from IDU who participated in 

a cohort study in Amsterdam [17,18]. This study has been recruiting both 

HIV-seronegative and HIV-seropositive participants since December 1985, for 

whom follow-up visits are scheduled every four months. All 173 Dutch HIV-

positive IDU who had two or more follow-up visits with CD4 measurements 

before 1 January 1996 were included in this study (total of 1829 visits). At 

entry into the study, 134 (77%) drug users were seropositive; 39 (23%) 

seroconverted during follow-up. 

Data on clinical AIDS diagnoses [using the 1987 Centers for Disease 

Control and Prevention (CDC) AIDS case definition] [19] and death were 

collected through active follow-up, review of hospital records, municipal and 

national registries and postmortem examination. Forty-five participants 

developed AIDS and 57 died during the study period, of whom 25 died 

without a diagnosis of clinical AIDS. 

We excluded study participants who were not Dutch, because that group 

(comprising mainly Germans) has an unusual pattern of loss to follow-up. The 

mean duration of follow-up period in this group is comparable to that among 

the Dutch drug users, but the observed AIDS incidence is relatively low, 

possibly indicating a tendency to return to their country of origin when 

feeling ill. This phenomenon would have biased the estimates of transitions to 
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stage 7 ('AIDS'), because the proportion (of low CD4's) progressing fast to 

AIDS would have been under-estimated. 

T-Lymphocyte Subset Determination 

Peripheral blood mononuclear cells were isolated from heparinized blood 

by density-gradient centrifugation to determine T-lymphocytes. Numbers of 

CD4+ cells per microliter were determined by immunofluorescence and flow-

cytometry [20]. 

Staged Markov Model 

We modelled HIV disease progression by using a continuous-time 

Markov model with eight stages (Figure 1). Stage 1 to 6 are transient states 

defined by ranges of the number of CD4+ cells (Figure 1), as used previously 

[7,10,21]. This scheme has been successful in dividing the incubation period 

into relatively even periods in cohort studies of homosexual men. Stage 7 is a 

transient state defined by diagnosis with clinical AIDS (using the 1987 

Centers for Disease Control and Prevention (CDC) AIDS case definition 

[19]), and stage 8 (the only absorbing state in our model) corresponds to 

death. Our model allowed transitions between adjacent CD4 stages, an AIDS 

diagnosis directly from the last three CD4-based stages, and transitions from 

any stage to death. Consequently, the model is specified by 20 transition 

parameters {A- values), governing the instantaneous hazard of moving between 

stages. For example, A48 is the instantaneous hazard of death (stage 8) from 

stage 4 (351-500 cells x 106/1). 

Because CD4 measurements are subject both to measurement error and 

short time-scale variability, we fitted the Markov model to smoothed data. As 

with our previous study among homosexual men [10], each person's stage at 

each visit was determined using by applying a kernel smoother to the log-

transformed data. The bandwidth of the smoother was chosen so that the 

variance of the residuals (i.e., the difference between the observed and the 

smoothed values) was equal to an estimate of the variance of the 

measurement error and short-time-scale variability of CD4 measurements. We 

obtained this estimate by considering additional data (n=151) obtained from 
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Figure 2. The network of stages used to specify the Markov model. Patients in stage 1 to 6 are 
infected but have not developed AIDS; those in stage 7 have been diagnosed with 
clinical AIDS and those in stage 8 are deceased. The model permits transitions 
between adjacent stages based on CD4 cell count, AIDS diagnosis from stages 4 
through 6, and transitions from any stage to death. The Atj values are the monthly 
transmission rates. The ranges of CD4 cell count (x 106/1) used to define stages 1 to 6 
are indicated beneath each stage. 

the visits that took place between the regular 4-monthly intervals as replicate 

easurements. The additional data were related to participation in clinical 

experiments, confirmation of seroconversion or confirmation of laboratory 

measurements and they covered the range of the 'regular' CD4 measurements. 

We estimated the standard error (e) to be 0.23, corresponding to a bandwidth 

of the smoother of 1.2 years. Our estimate for the short-time-scale variability 

is almost identical with that which we obtained in our previous study of 

homosexual men [10]. Note that this value is close to the 8-week variability 

(e=0.25) [22] and noticeably larger than the within-test variability O=0.19) 

[23] from literature. 

The model parameters (A values) were estimated using the method of 

maximum likelihood [24]. The distributions of the times at which each stage 

was first entered (first-passage times) were generated from 10,000 simulations 

using the estimated A values and exponential waiting times. To account for 
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the variability introduced by the smoothing step, we calculated confidence 

intervals for the A values and median first-passage times by using the 

bootstrap procedure. Specifically, we constructed bootstrap replicates for each 

person by sampling from the set of observed residuals, adding the sampled 

residual to the smoothed value and then resmoothing the resulting data. The 

model was fitted to each replicate data set, and bootstrap confidence intervals 

(CI) were obtained using the percentile method [25]. We also calculated the 

expected number of stages visited before an AIDS diagnosis as a measure of 

how well the staged CD4-model predicted progression. 

Results 
This study included 173 IDU (aged 21-47 years; median age, 32 years; 

123 males, 50 females) who made a total of 1829 visits. At entry into the 

study, 134 (77%) IDU were seropositive and 39 (23%) seroconverted during 

follow-up. Forty-five participants (29 males, 16 females) developed AIDS; 57 

(35 males, 22 females) had died by January 1 1996, of whom 25 had died 

without an AIDS diagnosis (16 males, nine females). The proportion that 

reported injecting drug use in the 6 months before study entry is 63% 

(n=109), of whom 53% (n=58) reported daily use. Of the participants, 96 

reported use of borrowed (previously used) needles or syringes more than 10 

times in the 6 months before study entry. Most (87%) of the participants had 

been living in Amsterdam for 5 years or more. 

The median time between two successive visits was 4.1 months (inter

quartile range Q1-Q3, 1.1 month) and one or more regularly scheduled 4-

monthly visits were missed between 10% of successive visits. Antiretroviral 

or prophylactic treatment in the preceding 4 months was reported at 356 visits 

(19%) by 61 participants. Of these, 69 visits by 18 participants involved 

treatment with zidovudine only, 83 visits by 26 participants involved 

Pneumocistic carinii pneumonia (PCP) prophylaxis only, and 204 visits by 40 

participants involved both zidovudine use and PCP prophylaxis. Other 

treatment (i.e. didanosine, zalcitabine, lamivudine) was only administered to 

participants already receiving zidovudine and/or PCP prophylaxis (32 of the 

61 participants). 
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Table 1. The number of observed transitions (mean number of days), following smoothing, 

between pairs of successive follow-up visits. 

From To stage: 

stage: 1 2 3 4 5 6 7 8 

1 37(137) 16(156) 1 (371) O(-) O(-) O(-) O(-) 2 (335) 

2 9(187) 97(132) 20(231) 2 (664) O(-) O(-) 1 (116) 2(107) 

3 1 (287) 11 (161) 153(135) 48(194) 2(312) O(-) 1 (821) 2(40) 

4 O(-) 2 (888) 17(210) 338(134) 66(196) 3 (700) 2(130) 11 (209) 

5 O(-) O(-) O(-) 17(189) 420(135) 45(171) 15(225) 6(87) 

6 O(-) O(-) O(-) O(-) 10(226) 228(135) 26(149) 2(111) 

7 O(-) O(-) O(-) O(-) O(-) O(-) 1 1 (495) 32(309) 

Stage 1 to 6 are CD4-based stages and stage 7 and 8 correspond to clinical AIDS and death, 

respectively (Figure 1). 

Table 2. Estimated monthly transition rates (95% CI) of the CD4 staging system of HIV 

infection by using a reversible Markov model. 

Rate Estimate (95% CI) 

Xl2 

X2, 
X}2 

A.,4 

XÂ, 

^ 1 8 

X2li 

^ 7 8 

0.081 
0.022 
0.042 
0.016 
0.057 
0.012 
0.039 
0.000 
0.009 
0.022 
0.009 
0.009 
0.025 

"Ö".0Ö7' 
0.003 
0.001 
0.005 
0.001 
0.000 
0.082 

(0.044-
(0.009-
(0.035-
(0.007-
(0.035-
(0.005-
(0.017-
(NC) 
(0.005-
(0.017-
(0.007-
(0.004-
(0.021-

••(Ö.0ÖT 
(0.001 
(0.001 
(0.002 
(0.000 
(NC) 
(0.080 

0.087) 
0.031) 
0.060) 
0.017) 
0.064) 
0.015) 
0.046) 

0.012) 
0.024) 
0.010) 
0.012) 
0.025) 
0".0T3")" 
•0.009) 
•0.005) 
-0.006) 
•0.002) 

-0.089) 

CI, Confidence interval; \ , Monthly transition rate from stage i to stage j ; NC, Not calculated: 

the parameter was estimated to be zero, and, therefore removed from the final model. 

96 



CD4 Staging in Drag Users with HIV-Infection 

Table 1 shows the number of observed transitions and the mean 

numberof days between successive follow-up visits. Table 2 shows the 

maximum likelihood estimates of the monthly transition rates (/?,-,- values) with 

95% confidence intervals (CI) obtained by fitting the model of Figure 1. The 

À values were used to compute the cumulative probability distributions of the 

first passage time from any stage to any other stage (Figure 2). The IPD from 

15 20 25 
YEARS SINCE STAGE 

Figure 3. The cumulative probability distributions of the passage time from each CD4-based 
stage to AIDS. Each line is numbered according to the starting (CD4-based) stage. 

seroconversion to AIDS (stage 7) shown in Table 3 is the weighted sum of 

the cumulative probability distributions of the first passage time from any 

CD4-based stage to AIDS, weighted by the stage-occupation frequencies of 

the first HIV-positive sample among the seroconverters with narrow 

seroconversion intervals (<1 year, n=33). These frequencies are 0.09, 0.15, 

0.42, 0.15, 0.15 and 0.03 for the stages 1 to 6, respectively. By using these 

weights, we accounted for different CD4 counts at seroconversion. Table 3 
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Table 3. Cumulative proportion (95% CI) in whom AIDS developed, or who died and either of 
the two, by year since seroconversion, estimated from a CD4-staged Markov model, 
including death before AIDS. 

Cumulative Proportion (95% CI) in whom time of seroconversion to: 

Year AIDS deceased AIDS or deceased 

1 0.00 (0.000-0.001) 0.01 (0.003-0.012) 0.01 (0.003-0.013) 
2 0.02 (0.005-0.021) 0.05 (0.04-0.06) 0.06 (0.05-0.07) 
3 0.05 (0.04-0.07) 0.10 (0.08-0.11) 0.13 (0.12-0.15) 
4 0.09 (0.09-0.12) 0.16 (0.14-0.18) 0.19 (0.18-0.23) 
5 0.16 (0.13-0.19) 0.22 (0.20-0.26) 0.29 (0.26-0.31) 
6 0.22 (0.20-0.27) 0.31 (0.28-0.33) 0.37 (0.35-0.40) 
7 0.29 (0.27-0.35) 0.39 (0.37-0.42) 0.46 (0.44-0.50) 
8 0.37 (0.35-0.43) 0.47 (0.45-0.51) 0.55 (0.53-0.58) 
9 0.42 (0.41-0.49) 0.56 (0.54-0.59) 0.62 (0.61-0.65) 
10 0.48 (0.47-0.55) 0.62 (0.61-0.66) 0.68 (0.67-0.71) 
11 0.52 (0.51-0.60) 0.68 (0.67-0.72) 0.73 (0.72-0.76) 
12 0.56 (0.55-0.64) 0.73 (0.73-0.77) 0.78 (0.77-0.81) 
13 0.60 (0.59-0.68) 0.78 (0.77-0.81) 0.82 (0.81-0.85) 
14 0.62 (0.61-0.71) 0.82 (0.81-0.85) 0.85 (0.84-0.88) 
15 0.65 (0.64-0.73) 0.85 (0.84-0.88) 0.87 (0.87-0.90) 

CI, Confidence interval; AIDS, Centers for Disease Control (CDC) 1987 AIDS case definition; 
AIDS or deceased, Time to the first of these two events and one minus this proportion is the 
proportion of alive and AIDS-free, for example, 54% are alive and AIDS-free 7 years after 
seroconversion. 

also shows the distribution of the times from seroconversion to death and 

seroconversion to either AIDS or death. These estimates account for DBAD, 

as well as for the effect of CD4 stage both at the time of seroconversion and 

at the time of AIDS diagnosis. For example, we estimate that 54% (95% CI, 

50-56%) of IDU are alive and also AIDS-free 7 years after seroconversion. 

Using the parameter values in Table 2, we estimate that 24% (95% CI, 

17-25%) of seroconverting IDU die before being diagnosed with AIDS. As a 

consequence of this high number of deaths before AIDS diagnosis, the 

median time from seroconversion to AIDS (10.5 years; 95% CI, 9.1-10.7 

years) is considerably longer than the median time from seroconversion to 

death (8.3 years; 95% CI, 7.9-8.5 years). If deaths that occur before an AIDS 

diagnosis are unrelated to HIV disease progression, then an estimate of the 

IPD for IDU that removed deaths before an AIDS diagnosis would better 

reflect the natural history of HIV disease. The IPD with death before AIDS 
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removed is shown in Figure 3 and can be calculated from column 2 of Table 

3 and the 24% of death before AIDS. Conditional on not dying before an 

AIDS diagnosis, the median time to AIDS is 8.2 years (95% CI, 7.7-8.7 

years). The median survival time after a diagnosis of AIDS is estimated to be 

1.05 years (95% CI, 0.96-1.07). 

The dependence of the hazard of AIDS on CD4 count is accounted for 

by the parameters A47, A57 and A67. This hazard increases considerable as CD4 
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Figure 4. Incubation-period distributions (IPD) for injecting drug users (IDU) calculated 
assuming deaths before AIDS diagnosis (DBAD) are independent of AIDS (long 
dashes) and for homosexual men in the Amsterdam cohort study [10] (solid line). Also 
shown are the upper and lower pointwise 95% confidence intervals for the IPD for 
IDU. 

count decreases. The hazard from stage 4 to AIDS was estimated to be zero, 

so this parameter was removed from the model. 

The dependence of the hazard of death before AIDS is accounted for by 

the parameters Al8, A2S, A,3g, A4g, A5S and A68. There is a slightly discernible 

trend for decreasing hazard with decreasing CD4 count, presumably accounted 
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for by the increasing likelihood in our model that the deaths of persons with 

low CD4 cell counts may have been preceded by undiagnosed clinical AIDS. 

However, the trend in the parameters AIS, A2S, XiS, Â48, A58 and Â68 is not 

statistically significant (P=0.10) and the hypothesis that the hazard for death 

before AIDS is constant cannot be rejected. This is not too surprising as 

overdose, suicide and violent death are common in IDU, and may support the 

use of the IPD to AIDS with death before AIDS removed. 

The mean number of stages an HIV-infected IDU passes through before 

an AIDS diagnosis (conditional on survival to an AIDS diagnosis) starting 

from each CD4-based stage is presented in column 2 of Table 4. In a model 

Table 4. The mean number of stages passed before AIDS, the (conditional) mean waiting time 
and the forward progression to the next higher stage, and directly to death, 
respectively, by stage, by using a death-included staged Markov model. 

Conditional Percentage Percentage 

Stage Mean number of Mean waiting mean waiting progressing progressing to 

stages passed time (months) time (months) forward death 

1 9.2 11.3 12.3 92 8 
2 8.2 14.8 15.6 62 5 
3 6.3 13.4 13.7 76 2 
4 4.6 17.9 19.7 69 9 
5 2.9 24.9 25.7 75 3 
6 1.8 29.5 29.5 72 0 
7 NA 12.2 NA 100 100 

Conditional, Conditional not progressing to deceased; NA, Not applicable. 

in which CD4 cell count could only decrease and in which no direct 

progression from stage 4 and 5 to AIDS is allowed, these numbers would be 

6, 5, 4, 3, 2 and 1 for stages 1, 2, 3, 4, 5 and 6, respectively. The steady 

decline in stages visited with declining CD4 cell count shows that the CD4 

stages are predictive for HIV disease progression, although stages 1 and 2 do 

not seem to be as well differentiated as later stages. The proportion of persons 

estimated to progress directly to the next stage and directly to death (ie 

directly from that stage without passing through any other stage) are given in 

columns 5 and 6. The estimated proportion of persons progressing to lower 

CD4 cell counts or death is never lower than 67%. Column 3 of Table 4 

shows the mean waiting time in each state, and column 4 shows the mean 
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waiting time in each state conditional on moving to another CD4-based stage 

or to AIDS. 

Discussion 
To account for missing time-of-infection data for IDU who had prevalent 

HIV-infection at study enrolment, and to account for the high rate of deaths 

before an AIDS diagnosis (DBAD), we constructed a staged Markov model 

which allows transitions from pre-AIDS stages to death. Proper consideration 

of the role of DBAD is critical in estimating the incubation period in IDU, as 

we estimated 24% of HIV-infected IDU die before an AIDS diagnosis. As a 

result, the median time from seroconversion to AIDS (10.5 years) is 

considerably longer than the median time from seroconversion to death (8.3 

years). Conditional on survival to an AIDS diagnosis, the median time to 

AIDS is 8.2 years. Despite the higher mortality rate in HIV-positive IDU 

compared to HIV-negative IDU [15], the DBAD from any cause may be 

independent of stages of HIV disease progression; however, this may not to 

be the case when specific categories of causes of death are considered. The 

approximately constant hazard for death before AIDS suggests that deaths 

before clinical AIDS are independent of HIV disease progression, in which 

case the 8.2-year median time would reflect the true natural history of disease 

in IDU. This estimate of 8.2 years falls in the lower range of the estimates 

from cohort studies in homosexual men [7,8,10,21,26,27,28]. The median 

survival after AIDS in IDU is estimated to be 1.0 years, compared to 1.5 

years in a cohort of homosexual men in Amsterdam, using this same staged 

model; it has been estimated to be 1.5 years based on data from patients in 

medical Center in the USA [29]. The 1987 CDC AIDS definition was used in 

both these and our study. Although a reduction in pre-AIDS mortality might 

be expected using a more recent definition of AIDS, it is likely that estimates 

of progression to death of all causes will be similar. Our estimate of 24% of 

seroconverting IDU dying before an AIDS diagnosis is in agreement with the 

14.7% and 19% at 7 and 10 years after seroconversion estimated in a 

previous study [30], using also the 1987 CDC AIDS definition. 

Our analysis also provides an important opportunity to compare the 
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natural history of HIV disease in IDU with that of our cohort of homosexual 

men [10], which was conducted contemporaneously and using the same 

facilities, personnel and laboratory as the IDU study reported here. Also, the 

CD4-based staging scheme and other modelling details employed in this paper 

were the same. The major difference between the two analyses is the 

inclusion of DBAD in the model for IDU. Because AIDS at death cannot be 

verified for those who die before an AIDS diagnosis, we cannot determine 

wether deaths before an AIDS diagnosis are related to HIV disease. 

Comparing the survival time distributions from seroconversion to death, 

instead of seroconversion to AIDS, is also of no help, because the median 

survival time since seroconversion is estimated to be shorter in IDU (8.3 

years) than in homosexual men (9.6 years) because of the high proportion of 

deaths of IDU before an AIDS diagnosis. 

If we assume that deaths before an AIDS diagnosis are independent of 

HIV disease, the median times to AIDS in both cohorts (IDU: 8.2 years; 

homosexual men: 8.3 years) are comparable. In Figure 3 we compare the IPD 

for IDU that results from this assumption with that obtained for 

homosexual/bisexual men in the Amsterdam cohort study [10]. The two IPDs 

are quite similar; the IPD for H/B men is entirely contained in the 95% 

confidence band for the IPD for IDU. This suggests that the natural history in 

these two groups is comparable once DBAD is accounted for. Note that the 

median age at seroconversion in both cohorts is similar (32 years for IDU and 

35 years for homosexual men), but the age distribution is more skewed 

towards the higher ages in the cohort of homosexual men compared to the 

IDU (Q1-Q3, 28-35 years in IDU; Q1-Q3, 30-41 years in homosexual men). 

In the absence of any additional factors, the younger age at seroconversion in 

the IDU cohort compared to the cohort in homosexual men would suggest a 

longer time to AIDS in IDU. 

In both cohorts the percentage of visits associated with antiretroviral or 

prophylactic treatment are similar, although zidovudine was used more 

frequently in the cohort study of homosexual men and PCP-prophylaxis was 

used more frequently in the IDU-cohort study. In addition to age [31], there 

may be other factors (i.e. social, economic and geographical) that result in 

differences in the IPD in transmission groups [32]. As has been observed in 
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other studies [33], IDU in our study tended to have lower initial CD4 levels 

than the homosexual men in the Amsterdam cohort study. The stage 

occupation frequencies for stages 1-6 at seroconversion (i.e. first HIV-positive 

sample among the seroconverters) among IDU were 9.1, 15.2, 42.4, 15.2, 15.2 

and 3.0% compared to 14.4, 28.8, 27.9, 23.1, 5.8 and 0.0% among 

homosexual men. Although the mean waiting times vary more between stages 

than in our model of homosexual men, the data in Table 4 show that CD4 

cell count is successful in staging HIV disease in IDU. 

Finally, we found that the survival in IDU and in homosexual men were 

in agreement with the Kaplan-Meier estimates from the incident cohorts and 

in agreement with a previous study among IDU and among homosexual men 

with well-documented dates of seroconversion [34]. Although the overall 

estimates in that study [34] (median time to death of 10.7 for IDU and 10.6-

11.8 for homosexual men, using different censoring strategies) are longer than 

in our study, it appeared that, probably due to older age at seroconversion, the 

estimates from the Amsterdam cohorts are shorter than the overall estimates 

and were close to those from our study. 

Differences in progression between transmission groups (though not 

statistically significant in all cases) have been reported in the literature related 

to the incubation period to AIDS and to death [35], the probability of 

developing AIDS before CD4 count falls below specific levels [36], and in 

the time period from diagnosis of AIDS-related conditions to AIDS [37]. In 

addition, mortality may differ among cohorts of IDU [38]. We found that in 

Amsterdam, in the absence of DBAD, progression to AIDS in IDU and 

homosexual men is comparable; in the presence of DBAD, IDU progress 

more slowly to AIDS than homosexual men do. 
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SUMMARY 
Objectives: The purpose of this study was to investigate secular trends in waiting times in stages 

of HIV disease progression in cohorts of homosexual men in Vancouver and Amsterdam, using a 

reversible continuous-time CD4-based Markov model in two calendar time intervals. 

Design: We used data obtained from homosexual men participating in two cohort studies, one in 

Vancouver and one in Amsterdam. All HIV positive men with two or more CD4 counts in their 

AIDS-free period between January 1 1985 and January 1 1997 were included in this study. Data 

regarding clinical AIDS diagnoses (using the 1987 Centers for Disease Control and Prevention 

(CDC) AIDS case definition) and death were collected through active follow-up, review of 

hospital records, municipal/national registries. The Vancouver Lymphadenopathy-AIDS Study 

(VLAS), was started in November 1982 and had enrolment until December 1984. Both HIV-

negative and HIV-positive men were followed at intervals of 3 to 6 months until 1986 and 

annually thereafter. The Amsterdam cohort study on HIV and AIDS (ACS) started in December 

1984, has ongoing enrolment and follow-up of both HIV negative and HIV-positive homosexual 

men. HIV positive men were followed at intervals of three months. 

Methods: For each cohort, we used a CD4-based Markov model, with death as the absorbing 

stage, in each calendar time period. The parameters in this model were estimated using the 

method of maximum likelihood and confidence intervals were calculated using bootstrap methods. 

Results: A total of 509 homosexual men participating in the VLAS were included in this study, 

providing 5356 visits. Two hundred and ninety two men have developed AIDS before January 1 

1997 and 239 died before this date. In all, 232 of the 239 deaths were AIDS related. Thirty seven 

percent of all visits were related to treatment. A total of 543 homosexual men participating in the 

ACS were included in this study, providing 10043 visits. Two hundred and seventy seven men 

have developed AIDS before January 1 1997 and 250 have died before this date. The date of 

AIDS diagnosis was known of 225 of the 250 deaths. Twenty percent of all visits were related to 

treatment. We found that in both cohort-studies the stage-specific waiting times were longer in the 

low-CD4-based stages (stages 4, 5 and 6: ie CD4 count < 500 cells per mm3) after March 1990 

compared to waiting times before March 1990. The increase in mean waiting time in these stages 

with low CD4 count was 21%, 33% and 53%, respectively in ACS and 20%, 2% and 29% in the 

VLAS. Because waiting times alone are not exclusive for progression in a reversible model we 

also calculated the stage-specific median incubation periods to deceased, which also were 

considerably longer in these CD4-based stages after March 1990 compared to before March 1990. 

Conclusions: Data from these population based cohort studies showed that HIV disease 

progression in the calendar period where treatment was administered, was slower for individuals 

in stages with low CD4 counts and we found no evidence for shortening of the incubation period 

that may have appeared from increasing virulence of the HIV in the population. 
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Secular Trends in the Survival of HIV-infected 
Homosexual Men in Amsterdam and Vancouver: 

Estimated from a Death-Included CD4-Staged 
Markov Model 

Changes in progression from HIV infection to either AIDS or death can 

be expected for several reasons. In literature, both an increase [1,2] and a 

decrease in the risk of AIDS in the more recent years [3,4], is reported. 

Increasing virulence and addition of new conditions or AIDS defining events 

[5] will result in a shorter incubation period to AIDS, while treatment may 

slow HIV disease progression both to AIDS and death [6,7]. Also, changes in 

the incidence of certain AIDS diagnosis may have affected the incubation 

period. For instance, if less cases of Kaposi's sarcoma were observed, one 

may expect that the mean incubation time to AIDS will be longer, since 

Kaposi's sarcoma is known to occur early in HIV disease (8). Furthermore, 

there may be differences in methodology concerning censoring or in the effect 

of diagnostic suspicion bias. Several co-factors for HIV disease progression 

affect the incubation period after certain stages of progression, while 

progression up to that specific stage may be similar (9). To evaluate changes 

in the incubation period it is therefore necessary to take into account different 

stages of disease progression. 

Survival techniques have been used to estimate the incubation period 

from seroincident cohort studies, possibly after imputing seroprevalent data. 

However, using a Markov model full use of the data of a seroprevalent cohort 

is made, and in addition progression through stages of HIV infection are 

estimated. The Markov assumption is in agreement with the property of 

biological systems that the present state of the system, is most predictive for 

progression. An advantage of studying staged disease progression is that only 

short study periods are needed, ie short relative to the long incubation period 

(median 8-10 years [10]), valuable when studying time trends. 
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Markers of immune function are the main indicators for HIV disease 

progression and from these, CD4 T-cell count is widely accepted as the best 

marker for disease progression. Even in presence of viral load measurements, 

CD4 cell count is a significant predictor of disease progression [11]. 

The purpose of this study was to investigate secular trends in waiting 

times in CD4 based stages of HIV disease progression by calendar time. 

Stages of CD4 cell count in a reversible continuous-time Markov model in 

two calendar time intervals in a cohort of homosexual men in Vancouver and 

in a cohort of homosexual men in Amsterdam were used. March 1990 was 

chosen apriori as the cut-off-point because antiretroviral treatment was 

generally available at that time and its use became widespread. Consequently, 

these calendar time intervals were characterized by low and high percentages 

of participants for whom treatment was administered. In addition, data from 

two cohort studies were used because next to secular trends, there may be 

geographical differences in progression times due to underlying geographical 

variation in viral strains and in virulence. If this was not the case, our study 

gained significant power because of the repeated confirmation of results. 

Materials and Methods 
Study Population 

We used data from homosexual men participating in cohort studies in 

Vancouver and Amsterdam. From all participants in both cohorts behavioural, 

clinical, virological, immunological data were collected at enrolment and at 

regular visits thereafter. All HIV positive men with two or more CD4 counts 

in their AIDS-free period between January 1 1985 and January 1 1997 were 

included in this study. Data regarding clinical AIDS diagnoses (using the 

1987 Centers for Disease Control and Prevention (CDC) AIDS case definition 

[12]) and death were collected through active follow-up, review of hospital 

records and linkages with municipal/national registries. 

The Vancouver Lymphadenopathy-AIDS Study (VLAS), was started in 

November 1982 and had enrolment until December 1984. Both HIV-negative 

and HIV-positive men were followed at intervals of 3 to 6 months until 1986 

and annual visits occurred thereafter. Five thousand three hundred and fifty-

no 



Secular Trends in CD4-Staging in HIV-infected Homosexual Men 

six visits from 509 homosexual men were included in this study. Two 

hundred and ninety two men have developed AIDS before January 1 1997 

and 239 have died before this date, whereas 232 had a known date of AIDS 

diagnosis. Thirty seven percent of all visits were related to treatment: 10% to 

AZT alone, 21% to AZT and additional treatment (ie PCP, DDC, DDI) and 

6% to treatment other than AZT. 

The Amsterdam cohort study on HIV and AIDS (ACS) started in 

December 1984, has ongoing enrolment and follow-up of both HIV negative 

and HIV-positive homosexual men. HIV positive men were followed at 

intervals of three months. Ten thousand and forty three visits from 543 

homosexual men were included in this study. Two hundred and seventy seven 

men have developed AIDS before January 1 1997 and 250 have died before 

this date, whereas 225 had a known date of an AIDS diagnosis. Twenty 

percent of all visits were related to treatment: 13% to AZT alone, 5% to AZT 

and additional treatment (ie PCP, DDC, DDI) and 2% to treatment other than 

AZT. 

Staged Markov Model 

We modelled HIV disease progression using a continuous-time Markov 

model with eight stages (Figure 1). Stage 1 to 6 are transient states defined by 

ranges of the number of CD4+ cells, as used previously [13,14,15,16]. This 

scheme has been successful in dividing the incubation period into relatively 

even periods in cohort studies of homosexual men and injecting drug users. 

Stage 7 was a transient state defined by being diagnosed with AIDS (using 

the 1987 Centers for Disease Control and Prevention (CDC) AIDS case 

definition [17]), and stage 8 (the only absorbing state in our model) 

corresponded to death. Our model allowed transitions between adjacent CD4 

stages, an AIDS diagnosis directly from the last three CD4-based stages, and 

transition from an AIDS diagnosis to death. Consequently, the model was 

specified by 14 transition parameters (iy 's), indicating the instantaneous 

hazard of moving between stages. For example, A47 was the instantaneous 

hazard of an AIDS diagnosis (stage 7) from stage 4 (CD4: 351-500 

cells/mm3). 

I l l 
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Figure 2. The reversible HIV staged process used in the Markov model. Persons in stage 1 to 6 

were infected but have not developed AIDS, those in stage 7 have an AIDS diagnosis 

and those in stage 8 were deceased. The model permits backflow and direct 

progression from stages 4 and 5 to AIDS, as from AIDS to death. The Ât]'s were the 

monthly transmission rates. The definitions of stages used in the model are indicated 

beneath each stage. 

Because CD4 measurements are subject to both measurement error and 

short time-scale variability we fitted the Markov model to smoothed data. As 

with our previous studies among homosexual men [14] and among injecting 

drug users [16], the stage of an individual at each visit was determined using 

a kernel smoother applied to the log-transformed data. The bandwidth of the 

smoother was chosen so that the variance of the residuals (ie the difference 

between the observed and the smoothed values) was equal to an estimate of 

the variance of the measurement error and short-time-scale variability of CD4 

measurements. We obtained this estimate by considering additional data 

(ACS: n=1237, VLAS: n=1750) obtained from visits that occurred between 

the regular intervals as replicate measurements. The additional data were 

related to participation in clinical experiments, confirmation of seroconversion 

or confirmation of laboratory measurements and they covered the range of the 

'regular' CD4 measurements. We estimated the standard error to be e=0.23 
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(ACS) and e=0.19 (VLAS) of the logtransformed data, corresponding to a 

bandwidth of the smoother of 1.2 years and 1.5 years, respectively. Our 

estimate for the short time-scale variability is almost identical with that we 

obtained in our study of injecting drug users [16] and of homosexual men 

[14]. 

The model parameters (A's) were estimated using maximum likelihood 

methods [18]. The distributions of the times that each stage was first entered 

(first passage times) were generated from 10,000 simulations using the 

estimated i 's and exponential waiting times. To account for the variability 

introduced by the smoothing step, we calculated confidence intervals for the 

A's and median first passage times using the bootstrap procedure. Specifically, 

we constructed bootstrap replicates for each individual by sampling from the 

set of observed residuals, adding the sampled residual to the observed value, 

and then re-smoothing the data. The model was fit to each replicate data set, 

and bootstrap confidence intervals were obtained using the percentiles' method 

[19]. We also calculated the expected number of stages visited before an 

AIDS diagnosis as a measure of how well the staged CD4-model predicted 

disease progression. 

Results 

This study included 1052 homosexual men (ACS: n=543; age at entry: 

19-58 years; median age: 34 years, VLAS: n=509; age at entry: 17-54 years; 

median age: 32 years), who provided a total of 15399 visits (ACS: 10043 

visits, VLAS: 5356 visits). Seven hundred and eighty eight homosexual men 

(75%, ACS: 372 (69%), VLAS: 416 (82%)) were seropositive at study entry 

and 264 (25%) seroconverted during follow-up. Five hundred and sixty nine 

participants (ACS: 277 men; VLAS: 292 men) developed AIDS; 489 (ACS: 

250 men; VLAS: 239 men) had died by January 1 1997, of whom 32 had 

died without an AIDS diagnosis (ACS: 25; VLAS: 7). 

Table 1 shows the number of observed transitions from each stage to any 

other stage between two subsequent visits in both cohort studies. Although 

exact comparison was not possible between both cohorts, because the 

intervals between two successive visits are different, Table 1 indicates that the 
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pattern in both cohort studies was similar. The differences that appeared from 

the relative frequencies per stage or from the mean number of months 

between two visits were likely due to the differences in study design. These 

data were fitted to the time-continuous staged model as presented in Figure 1. 

The maximum likelihood estimates of the monthly transition rates (Ajs) 

were used to compute the cumulative probability distributions of the first 

passage time from any stage to any other stage. The IPD from seroconversion 

to AIDS (stage 7) and to death (stage 8) was the weighted sum of the 

cumulative probability distributions of the first passage time from any CD4-

based stage to AIDS (to death, respectively), weighted by the stage-

occupation frequencies of the first HIV-positive sample among the 

seroconverters with narrow seroconversion intervals (<1 year, ACS: n=117, 

VLAS: n=71). For the ACS these frequencies were 0.16, 0.26, 0.29, 0.22, 

0.06 and 0.01 for the stages 1-6, respectively, and for the VLAS these 

frequencies were 0.27, 0.34, 0.25, 0.13, 0.01 and 0.00 for the stages 1-6, 

respectively. The median time from seroconversion to both AIDS and to death 

were longer (0.7 year and 1.3 year, respectively) in the VLAS compared to 

the ACS using the Markov model , ie 7.9 years (95%CI: 7.8 - 8.2 years) and 

9.3 years (95%CI: 9.2 - 9.5 years) in the ACS compared to 8.6 years (95%CI: 

8.6 - 8.9 years) and 10.6 years (95%CI: 10.6 - 10.9 years) in the VLAS. 

When we used Kaplan-Meier estimators these differences were confirmed. 

Table 2 shows the percentage of visits in each stage that was related to 

treatment by calendar time interval for each cohort separately. Although 

treatment in both cohorts was similar before March 1990, as expected, 

treatment increased considerably after this time and even more so in the 

VLAS. Note that these percentages of the VLAS overestimate the actual 

number of visits related to treatment, as in contrast to the ACS, it only 

measures the number of visits after start of treatment. 

Table 3 shows the maximum likelihood estimates of the monthly 

transition rates (/L's) with 95% confidence intervals by cohort and by calendar 

time period fitting the model of Figure 1. These transition rates were used to 

calculate for example, the median incubation times, stage specific incubation 
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Table 3. Estimated monthly transition rates (95%CI) of the CD4 staging system of HIV 

infection by cohort and by calendar time period, using a reversible Markov model. 

Rate lanuary 1 1985 I - March 1 1990 March 1 1990 - January 1 1997 

ACS VLAS ACS VLAS 

Xn 0 .064 (0.048-0.072) 0 .029 (0.026-0.034) 0 .033 (0.020-0.040) 0 .052 (0.045-0.078) 

X2I 0.009 (0.005-0.013) 0 .013 (0.008-0.017) 0.011 (0.003-0.013) 0 .006 (0.000-0.014) 

A23 0.059 (0.050-0.066) 0.046(0.039-0.051) 0 .053 (0.045-0.067) 0 .066 (0.063-0.088) 

Xf-, 0.009(0.006-0.011) 0 .009 (0.006-0.012) 0 .004 (0.000-0.008) 0 .000 (0.000-0.006) 

X34 0 .038 (0.035-0.045) 0 .038 (0.032-0.040) 0 .039 (0.035-0.044) 0 .043 (0.042-0.051) 

A-4, 0.009 (0.006-0.012) 0 .006 (0.005-0.012) 0.007 (0.005-0.009) 0 .006 (0.004-0.010) 

A,4j 0.036 (0.029-0.037) 0 .037 (0.028-0.037) 0.031 (0.029-0.035) 0 .032 (0.029-0.035) 

Ki 0.007 (0.007-0.013) 0 .009 (0.009-0.012) 0.005 (0.005-0.007) 0 .006 (0.005-0.007) 

^54 
0.010(0.004-0.011) 0.007(0.003-0.012) 0.007 (0.005-0.009) 0 .003 (0.002-0.006) 

^S6 
0.028 (0.022-0.030) 0 .027 (0.021-0.030) 0 .022 (0.018-0.022) 0 .034 (0.027-0.034) 

K 0.008 (0.006-0.012) 0.011 (0.008-0.014) 0 .006 (0.006-0.008) 0 .006 (0.006-0.010) 

Ks 0 .000 (0.000-0.001) 0 .002 (0.000-0.007) O.OOO(o.ooo-o.ooi) 0 .002 (0.002-0.006) 

\ i 0.064 (0.049-0.064) 0 .057 (0.047-0.057) 0 .039 (0.035-0.038) 0 .044 (0.038-0.044) 

^1S 0.057 (0.052-0.060) 0 .043 (0.042-0.043) 0 .048 (0.047-0.048) 0 .043 (0.043-0.043) 

CI, confidence interval; Xy, monthly transition rate from stage i to stage j ; ACS, Amsterdam 

cohort study on HIV and AIDS; VLAS, Vancouver Lymphadenopathy-AIDS Study. 

times, stage specific waiting times and stage specific forward progression. As 

a result of the systematic differences in the transition parameters between the 

calendar time intervals in Amsterdam, we found that both the median 

incubation time from seroconversion to AIDS and to death were about 1.5 

years longer in the interval after March 1990 compared to before March 1990. 

Surprisingly this trend was not observed from the data of the VLAS, in which 

both the median time from seroconversion to AIDS and to deceased before 

March 1990 and after March 1990 were similar (Table 5). 

Despite this apparent inconsistency, we found that in both cohort-studies 

the stage-specific waiting times were longer in the low-CD4-based stages 

(stages 4, 5 and 6: ie CD4 count < 500 cells per mm3) after March 1990 

compared to before March 1990 (Table 5). The increase in mean waiting 

time in stages with low CD4 count (ie stage 4, 5 and 6) was 21%, 33% and 

53%, respectively in the ACS and 20%, 2% and 29% in the VLAS. Because 

waiting times alone are not exclusive for progression in a reversible model we 

also calculated the stage-specific median incubation periods, which also were 
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Table 4. Estimated mean number of stages passed before, and the median time to deceased 
(95%CI) by cohort and by calendar time period, using a reversible Markov model. 

starting 

stage 

January 1 1985 - March 1 1990 
ACS VLAS 

March 1 1990 - January 1 1997 
ACS VLAS 

median median median n median 

7.4 

6.1 

4.5 

2.4 

2.0 

1.0 

11.5 
(10.9-12.1) 

10.1 
(9.4-10.7) 

8.5 
(7.8-9.0) 

6.2 
(6.0-6.8) 

4.6 
(4.0-5.2) 

2.8 
(2.7-3.3) 

1.5 
(1.3-1.6) 

8.2 

7.2 

5.7 

4.1 

3.1 

2.1 

1.0 

13.9 
(13.8-15.1) 

11.0 
(II .1-12.2) 

8.7 
(8.7-9.4) 

6.5 
(6.5-7.1) 

5.0 
(5.0-5.6) 

3.4 
(3.4-3.7) 

2.0 
(2.0-2.0) 

8.1 

7.1 

5.7 

4.4 

3.3 

2.0 

1.0 

14.5 
(14.1-16.5) 

11.9 
(11.7-12.6) 

10.3 
(10.0-10.7) 

8.1 
(8.0-8.5) 

6.3 
(6.3-6.6) 

4.0 
(3.9-4.1) 

1.8 
(1.7-1.8) 

7.3 

6.3 

5.1 

4.1 

3.1 

2.1 

1.0 

12.4 
(11.6-12.5) 

10.8 
(10.3-10.9) 

9.5 
(9.2-9.7) 

7.6 
(7.5-7.8) 

5.7 
(5.7-6.0) 

3.8 
(3.8-4.1) 

2.0 
(1.9-2.0) 

S-7 7.5 8.7 9.0 8.6 
(6.5-7.8) (8.7-9.6) (8.9-9.4) (8.2-8.6) 

S-8 9.0 10.7 10.8 10.6 
(8.0-9.3) (10.7-11.6) (10.6-11.2) (10.1-10.6) 

CI, confidence interval; ACS, Amsterdam cohort study on HIV and AIDS; VLAS, Vancouver 

Lymphadenopathy-AIDS Study;n, number of stages; S-7, seroconversion to AIDS; S-8, 

seroconversion to deceased. 

considerably longer in these CD4-based stages after March 1990 compared to 

before March 1990 (Table 4). 

Discussion 
The incubation period from low-CD4-count based stages to death was 

found to be longer since 1990, when treatment has generally been available 

for HIV infected homosexual men in a cohort in Amsterdam (ACS) and in a 

cohort in Vancouver (VLAS). This finding was in agreement with other 

studies [13,20,21] reporting elongation of the incubation period. Therefore, 

the data from these population based cohort studies support the idea that the 

effect of treatment on HIV disease progression most likely dominated reverse 

effects like those that may appeared from increasing virulence of HIV in the 

population. 

The breakpoint March 1990 was arbitrarily chosen in that it was 1) near 

halfway data collection, 2) the treatment given in the first interval was limited 

117 



Secular Trends in CD4-Staging in HIV-infected Homosexual Men 

Table 5. Estimated mean waiting time and the percentage forward to a higher stagt : (95%CI) in 
each stage, by cohort and by calendar time period, using a reversible Markov model. 

Januari 1 1985 - March 1 1990 March 1 1990 - Januari 1 1997 
Stage ACS VLAS ACS VLAS 

mean in % mean in % mean in % mean in % 
month forward month forward month forward month forward 

1 15.7 100% 34.0 100% 30.0 100% 19.1 100% 
(14.0-21.1) (29.1-39.1) (24.7-51.3) (12.8-22.3) 

2 14.8 
(13.0-17.2) 

87% 16.8 
(15.5-20.0) 

77% 15.5 
(13.3-19.5) 

82% 13.7 
(10.1-14.4) 

91% 

3 21.3 
(18.3-23.4) 

81% 21.4 
(19.7-24.5) 

81% 23.1 
(20.0-26.4) 

91% 23.3 
(18.1-23.3) 

100% 

4 18.9 
(18.3-22.0) 

83% 19.3 
(17.5-22.0) 

88% 22.9 
(20.5-24.2) 

84% 23.2 
(20.1-24.2) 

86% 

5 21.8 
(20.9-28.1) 

79% 21.9 
(20.2-26.5) 

84% 29.0 
(27.8-32.2) 

81% 23.3 
(22.5-26.3) 

92% 

6 15.7 
(15.7-20.4) 

100% 16.7 
(16.3-20.6) 

98% 25.4 
(25,4-28.4) 

100% 21.6 
(21.6-25.0) 

95% 

7 17.4 
(16.2-19.3) 

100% 23.5 
(23.3-23.6) 

100% 21.0 
(20.9-21.1) 

100% 23.3 
(23.1-23.3) 

100% 

CI, confidence interval; ACS, Amsterdam cohort study on HIV and AIDS; VLAS, Vancouver 

Lymphadenopathy-AIDS Study. 

and 3) the calendar time intervals were long enough to have consistent results 

from this method of analysis. Using these conditions any other cut-off point, 

say within one year of the cut-off point used, gave similar results. 

In our model we did not allow to progress directly from a CD4-based 

stage to deceased, assuming that these cases were unobserved AIDS cases. 

This may be so, because the time since the last visit was on average more 

than three years and only limited information about AIDS-related causes of 

death were available for these cases. It should also be noted that municipal 

and national registries were used to complete these data. Finally, omitting 

these data gave similar results. 

VLAS-participants were recruited about two years earlier than the 

participants in the ACS and designed, unlike the cohort in Amsterdam, to be 

a closed cohort study. Thus, there could be subtle differences between the 

cohorts with respect to factors that may affect the progression rates, but these 

factors may be difficult to identify. One of these differences was the relative 

short waiting times in stage 1 in the VLAS after March 1990 and in the 
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Adam cohort before March 1990. One may argue that this resulted from the 

changing patterns of the number of seroconverters in secular time. Since HIV-

negative men were followed in both cohorts, ageing may explain this 

difference in the VLAS. This was less in the ACS since it is not a closed 

cohort study. Also, from this point of view one may expect a relative short 

number of seroconverters in the ACS in the early years of this study. 

However, the pattern of number of visits per stage in each calendar time 

interval was similar to the overall pattern in the ACS. To get hold on to these 

differences, we studied the changes in the incubation period by studying the 

changes in the incubation time from either stage to deceased. We used 

deceased as the endpoint rather then an AIDS diagnosis, as this is not due to 

changes by definition like AIDS diagnosis is. 

These data from the cohort in Amsterdam provided information on the 

changes in progression rates in a population based cohort, possibly indicating 

changes in progression rates in the population from which this cohort was 

drawn. However, these changes may be overestimated as, for instance, the 

men participating in the cohort study may have better access to therapy than 

other homosexual and bisexual men. 

Several studies have suggested no major changes in the IP up to 1991-

1992 [22,23,24]. Our findings were in agreement with other studies that report 

lengthening of the time from seroconversion to death in the more recent years 

[1, 2, 3]. There is little doubt that improved treatment and prophylaxis for 

HIV related diseases are the underlying cause. Given that this observed 

lengthening occurs in early years of implementation of triple combination 

therapies, more extreme progression delay is to be expected in the future. 
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Summary and General Discussion 

Knowledge of the incubation period of HIV infection is valuable for 

understanding the size of the (unseen) population of infected persons and for 

evaluating the natural course in individuals. 

After an introduction in chapter one, In chapter two AIDS incidence and 

the cumulative HIV incidence is estimated, using several methods. 

Extrapolation of the AIDS incidence curves from AIDS surveillance data, 

using functional forms while fitting the reporting delay distribution 

simultaneously, could be applied effectively in countries with low numbers of 

AIDS cases, for the very short term. However it also showed that several 

curves had similar goodness-of-fit, using the Akaikes Information Criterion 

(AIC), but resulted in completely different predictions already 3 years ahead. 

Using the estimated functional forms of the AIDS incidence curve, the 

cumulative HIV incidence is calculated by using back-calculation and by 

using the ratio of cumulative HIV-incidence to AIDS-incidence, as observed 

in the ACS. The backcalculation method assumes that the incubation period 

distribution (IPD) is known and therefore, the IPD is estimated from external 

data. Another finding in the study from chapter two was that given the AIDS 

incidence curve the estimated cumulative HIV incidence was quite different 

for different functional forms of the IPD. Recently, statistically more 

satisfactory methods were applied and they also recognized the sensitivity of 

the forecasts as result of the choice of the IPD. It is evident that given the 

large variance of the IPD, a change in the mean of the IPD of say 0.5-1 year 

may show a very different underlying HIV prevalence curve of the AIDS 

incidence. In general, a change in the IPD can be compensated by a change in 

the estimates of the HIV prevalence curve. The total of 2200-4600 infected 

people that was estimated for Amsterdam in this chapter was several times 

lower than the estimates obtained before and were in line with estimates for 

the total of the Netherlands at that time, using other methods [1]. Although, 

no back-calculation method can estimate the HIV incidence in the last years 
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before the last reported AIDS data (using AIDS incidence data alone), it 

appeared that the estimates from the ratio and the higher estimates from the 

backcalculation-method, for January 1990 in this chapter were in line with 

estimates, using empirical Bayesian back-calculation methods and AIDS-data 

upto December 1993 [2]. 

In literature, much emphasis has been put on the proper choice to be 

made concerning the IPD and the sensitivity of the forecasts as result of that 

choice. The first problem is: How does the IPD look like? Additional 

problems that are of concern in this context are changes in the IPD because 

of different transmission groups, because of pre-AIDS treatment or because of 

changes in the definitions of AIDS. In chapters 3 to 6 these questions are 

addressed. 

In chapter 3 the IPD is estimated from a seroprevalent cohort among 

homosexual men in Amsterdam and showed that the median IP may be 

affected by 1.5 years as result of the assumptions surrounding the unknown 

dates of seroconversion of the seroprevalent cases. Because the follow-up in 

the Amsterdam Cohort Study on HIV and AIDS (ACS) among homosexual 

men is longer than the median IP, the choice between parametrizations can be 

made more correctly. So, this study also clearly showed that the two-

parameter Weibull distribution is not preferable to parametrize the IPD, 

because of the slowing of the increase of the hazard beyond 7 years after 

seroconversion. Our findings were used also to estimate projections of the 

HIV/AIDS epidemic in the UK [3] and in the USA [4]. 

The study presented in chapter 3 suggests that after 7 years 33% (95% 

CI: 26-37%) will have progressed to AIDS, if no treatment is involved and 

that 12% of those who are AIDS-free at that time (ie 67%) are expected to be 

diagnosed with AIDS in the next 12 months (ie the annual hazard rate at 7 

years after seroconversion equals 12%). These estimates are obtained after 

imputation of the unknown dates of seroconversion of the seroprevalent cases, 

using the HIV infection distribution of the cohort. These results are in 

agreement with other cohort studies among homosexual men [5,23,28,29], 

although they fall at the lower end of that range. 

At this moment the number of factors that may explain differences 

between different cohort studies are limited. Age at seroconversion in 
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homosexual men is shown to be associated with slower disease progression 

[6, 7], however not always statistical significant [8]. This association is also 

found in other transmission groups and especially in haemophiliac patients in 

whom the age range is generally wider [9,10]. Recently, genetic factors have 

been proposed to slow progression [11,12,13], although no differences by 

ethnicity were reported. 

Munoz et al [14] showed that a large part of the variation between 

estimates of the median IP from different cohort studies among homosexual 

men may be explained by the variation in the mean age at seroconversion 

between these studies. They conclude that if both viral load and CD4 cell 

count are known, the prognostic information of age at seroconversion 

diminishes (but is not completely eliminated). 

The ACS is a prospective cohort study with follow-up of both HIV-

seronegative and HIV-seropositive participants, that embodies a considerable 

number of individuals already seroprevalent (i.e. with a positive antibody test) 

at entry of the study. Data from the seroprevalent cases and seroincident cases 

are inevitable doubly censored. The problems associated with and methods of 

analysis of such data have been previously described [15,16]. In chapter 3 the 

unknown dates were imputed using the HIV incidence distribution of the 

cohort. Several other studies also have used characteristics of the HIV 

incidence distribution [17,18]. Seroconversion time has also been imputed 

using laboratory marker information [19]. As mentioned above, the choice of 

strategy to handle unknown dates of seroconversion of the seroprevalent cases 

may influence the estimates of IPD considerably. Driven by an attempt to 

make full use of the data and to avoid assumptions that have a large impact 

on the estimates, Markov modelling was applied. Several studies in the later 

years have shown that given the CD4 cell count category the hazard of AIDS 

is not dependent on the duration of infection [20,21], being in line with the 

assumption of a Markov model. Furthermore, CD4 cell count at the time of 

diagnosis with AIDS is predictive for progression (from AIDS) to death, next 

to age at the time of diagnosis and type of diagnosis [22]. In general, the 

further course of biological systems is very much predictive from the present 

state. This seems to be the case in HIV disease progression also, where CD4 

cell count plays an important role to define the present state. Although, 
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Markov modelling is not yet implemented for use of covariates, it also allows 

to model marker progression. Among others: stage-specific IPD (chapter 4-6) 

and percentages of deceased before AIDS and percentages of AIDS-free and 

alive (chapter 4) can be estimated using this kind of modelling. 

In chapter 4 the marker information of all men in the ACS, by means of 

the CD4 cell count measured at each visit, were used in a Markov model to 

estimate the IPD. The participants in this study were primarily the same 

participants like those in chapter 3. The median time to AIDS is estimated at 

8.3 years (95%CI: 8.1-8.6) and falls perfectly in the range of estimates from 

the previous chapter. Compared to the method in the previous chapter, there 

is a substitution of problems. While previously should be dealt with the 

unknown dates of seroconversion, now there is the problem to control the 

measurement error and the short-time scale variability, that together may be 

substantial. In chapter 4 the noisy CD4-data are controlled by applying a 

kernel smoother before the Markov model is fit. The amount of smoothing 

(i.e. the bandwidth of the kernel smoother) is important. We were able to 

estimate the bandwidth using additional data of the study population and 

found that the amount of smoothing applied were in agreement with literature 

[23]. A further comparison with the results from a study conducted in the San 

Francisco Men's Health Study (SFMHS), using hidden Markov methodology 

[24], showed that the differences in the median IP (SFMHS: median 10.3 

years, ACS: median 8.3 years) concur with the first 3 stages, which may be 

explained by different age distributions [12]. 

Similar multi-state models are also routinely used with cancer and other 

diseases [25,26,27] and were introduced in the field of AIDS using clinical 

stages [28]. Later, the states were defined using laboratory markers, as there 

is CD4 cell count [29,30] and IgA count [31]. The second finding in the 

study of chapter 4 was that the anti-CD3 staging could be applied to model 

the IP, whereas the conclusion was drawn that anti-CD3 predicts progression 

less well than CD4 cell count. Although, several (immunological, serological 

and clinical) markers are associated with progressive stages of HIV disease 

and are used in clinical management of patients, only a few are capable to 

describe the course of HIV disease. From these CD4 cell count is best 

described and most frequently used. Much is to be expected from 
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measurements of the viral load and tuning of the viral-load stages could be 

conducted following the methods presented in this study. 

So far, the IP in homosexual men in the industrialised countries is 

presented extensively in literature and is becoming established, using data 

several years longer than the median incubation period. This is not yet the 

case in other transmission categories, except for the transmission category of 

recipients of blood or bloodproducts. Although the size of the epidemic is 

largest in countries in Africa and South-East Asia, hardly any information of 

the IPD is available from these countries, while this knowledge is most 

needed. 

In the discussion whether the IP may differ between different 

transmission groups, it needs to be noted that there may be marked 

differences in methodology between studies, as well as in conditions that are 

specific for that transmission category. For instance, it is well known that 

mortality is high among injecting drug users (IDU), and it seems even higher 

among HIV-infected IDU [32]. Estimates of the IPD may be quit different, 

whether death before an AIDS diagnosis (DBAD) is related to AIDS or not. 

In the study of chapter 5 the IPD among IDU is estimated, while accounting 

for DBAD. Nearly 24% of the HIV-infected IDU are estimated to die before 

clinical AIDS. An intriguing finding was the approximately constant hazard 

for death before clinical AIDS. This may suggest that deaths, of all causes, 

before AIDS are independent of HIV disease progression, in which case the 

8.2 year median time to AIDS would reflect the true natural history of HIV 

disease in IDU. Furthermore, even if some specific causes of death are related 

to HIV-disease, then one may expect that this estimate will change only 

minimally. Note that the median time to death for all causes is 8.3 years. So, 

the estimate of 8.2 years could be compared to the 8.3 year median time from 

the previous chapter. That study among homosexual men was conducted 

contemporaneously, using the same facilities, laboratory and personnel, which 

largely rules out remarkable methodological differences. These results support 

the idea that the IPD in both transmission categories of homosexual men and 

of IDU are similar, however in the presence of DBAD, IDU progress slower 

then homosexual men. 

Already in 1991, when the HIV epidemic was nearly one decade in 
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progress, a paper was published with the intriguing title: "Is the incubation 

period of AIDS lengthening?" [33] and it was concluded that no statistical 

significant evidence was found that the IP was lengthening. It is more 

difficult to establish changes in the IPD of diseases with such long IP as in 

HIV. Signs for such changes come from studies that have observed changes 

in factors that are believed to have effect on the length of the IP. Such factors 

are: treatment, behaviour, health care and the spectrum of AIDS diagnoses, 

possibly resulting in lengthening, and broadening of the definition of AIDS 

and increasing virulence, that may result in shortening of the IP. Several 

studies have suggested no major changes in the IP upto 1991-1992 [34,35]. In 

the later years, treatments of HIV disease have been more and more 

administered, while increasing virulence may have played a role, although 

hard laboratory-evidence is not available. In chapter 6, differences in the IP 

from CD4-based stages to AIDS and death, respectively, were studied among 

homosexual men in the ACS and in the Vancouver Lymphadenopathy-AIDS 

Study (VLAS) in the period after March 1990 compared to before March 

1990. The results from both cohort studies were consistent with the fact that 

the incubation period was found be longer among individuals with low CD4 

cell counts, in the period where treatment has been widely administered (i.e. 

after March 1990). This finding is in agreement with other studies [36,37], 

specifically when it is possible to account for levels of CD4 cell count. These 

studies are conducted in the early years of triple combination therapies and 

there is no doubt that more extreme lengthening is to be expected in the 

future. 

These studies have contributed to the understanding of the natural course 

of HIV-1 infection and changes therein. Current knowledge of the incubation 

period is largely based on data from the industrialised countries, while the 

extent of the epidemic is limited compared to countries in Africa and South-

East Asia. For several reasons, it is more difficult to collect incubation data in 

these countries. Studies concerning the incubation period could than be 

limited to study the stage-specific transitions and stage-specific progression, 

while accounting for competing risks (chapter 4, possibly multiple endpoints). 

Although, differences between transmissiongroups and between geographical 

areas are not very likely to exist in the industrialised countries, a comparison 

130 



General Discussion 

with such results would be valuable to complete the understanding of HIV 

disease progression and subsequently of the economic implications and of the 

public health care needed in the non-industrialised countries. 

So far, factors that influence the IPD are limited and dependency on age 

at seroconversion and treatment during the incubation period are most 

dominantly demonstrated. Especially, treatment, that delays onset of an AIDS 

diagnosis, is generally indicated after a specific stage of HIV disease 

progression, resulting in non-stationarity of the IPD. Therefore, stage-specific 

progression needs to be studied 'continuously' in order to evaluate the non-

stationarity of the IPD. Currently, methods to estimate the size of the HIV 

epidemic and of the number of AIDS cases in the future are more and more 

adapted, using non-stationary stage-specific incubation period distributions, 

while accounting for age distributions. Dependency on age can be based on or 

be checked with meta-analysis and the non-stationarity of the stage-specific 

incubation period distributions can be estimated from present cohort studies 

with prolonged follow-up. 
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Samenvatting 

DE INCUBATIEPERIODE VAN AIDS: gestadieerde ziekteprogressie en 

prevalente cohortstudies. 

Bij veel infectieziekten, zoals mazelen, bof, rubella, poliomyelytis en 

influenza, ontstaan de ziektesymptomen reeds enkele dagen of enkele weken 

na infectie. Zelfs in het geval van hepatitis B is de 2 tot 4 maanden relatief 

kort in vergelijking met de 8 tot 10 jaar die gemiddeld ligt tussen de HIV-

infectie en de AIDS diagnose. De tijd van seroconversie tot AIDS {de 

incubatietijd) is niet alleen lang, maar ook zeer variabel. Studies met 

verschillende achtergronden, b.v. ten aanzien van de transmissiegroep of ten 

aanzien van studieopzet, hebben tot verschillende schattingen van de incuba

tietijd geleid. 

In hoofdstuk 1 wordt de problematiek besproken omtrent de bronnen en 

methoden van analyse van gegevens van lange en variabele incubatietijden. 

Het moge duidelijk zijn dat, indien de incubatie periode kort en vast zou zijn, 

het patroon van HIV-incidenties zeer goed overeen zou komen met het 

patroon van AIDS-incidenties. Deze patronen wijken slechts van elkaar af met 

betrekking tot recentelijk nieuwe infecties. De lange en variabele incubatietijd 

bemoeilijkt het schatten van de HIV-incidenties uit de gerapporteerde AIDS 

diagnoses. 

In hoofdstuk 2 worden korte termijn voorspellingen gegeven van het 

aantal te verwachte personen met een AIDS diagnose in Amsterdam, door 

gebruik te maken van de gerapporteerde AIDS gevallen. Twee eerder 

gepubliceerde methoden zijn toegepast die beide rekening houden met de 

rapportage vertraging en waarin (simultaan) de AIDS incidentie door 

wiskundige functies wordt beschreven. Het voorspelde aantal AIDS gevallen 

is dan een extrapolatie van de epidemie in het verleden en, zoals blijkt, 

afhankelijk van de gekozen parametrizering. Vervolgens is het aantal HIV-

geïnfecteerden geschat, enerzijds, uit de AIDS-incidentie curve en de ratio 

HIV-prevalentie/AIDS-incidentie, zoals waargenomen in de cohortstudie in 
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Amsterdam en, anderzijds, uit de AIDS-incidentie curve en de 

incubatietijdverdeling ('terugrekenmethode'). Behalve de methode van 

schatten, is ook de keuze voor de incubatietijdverdeling essentieel. De 

schattingen verkregen met de ratio en de hogere schattingen uit de 

'terugrekenmethode' blijken het beste overeen te komen met de resultaten uit 

latere studies. 

In hoofdstuk 3 wordt een sensitiviteitsanalyse voor berekening van de 

incubatietijdverdeling uitgevoerd aangaande twee keuzes: 1) de keuze van 

verdelingsfunctie voor de incubatietijd en 2) de keuze omtrent de onbekende 

seroconversiedatum van die deelnemers in de studie, die reeds seropositief 

waren bij intrede (seroprevalente deelnemers) of die een breed seroconversie-

interval hebben. Het blijkt dat in dit cohort, waar de recrutering 4,5 jaar na 

de start van de epidemie ligt, de keuze omtrent de seroprevalente deelnemers 

het grootste effect heeft op de geschatte incubatietijd-verdeling. In dit 

hoofdstuk zijn twee benaderingen gepresenteerd om de onbekende data van 

seroconversie te berekenen: 1) door gebruik te maken van de verdeling van 

seroconversies in het cohort (Weibull benadering) en 2) door een toenemende 

kans van seroconversie toe te kennen naarmate het tijdstip van intrede dichter 

genaderd wordt (exponentiële benadering). Deze benaderingen veronderstellen 

dat, in tegenstelling tot de middelpunts-benadering, de kans op seroconversie 

niet constant is over het seroconversie-interval. Andere rekenmethodes 

gebruiken de eigenschap van de individuele CD4-bepalingen als marker voor 

ziekte progressie. Echter, dan dient rekening gehouden te worden met de 

grote intra-individuele variatie van de CD4-bepaling (20%). Het al dan niet 

opnemen van de seroprevalente deelnemers in de analyse is een uitwisseling 

van onzekerheden ten aanzien van de schattingen. Bij het opnemen van de 

seroprevalente deelnemers in de analyse komt dat voort uit de onzekerheden 

omtrent de onbekende seroconversie-data. Het niet-opnemen van de 

seroprevalente deelnemers in de analyse leidt tot grotere statistische 

onzekerheid die hoort bij een analyse van minder gegevens. Het is aan te 

bevelen om de seroprevalente deelnemers in de analyse op te nemen omdat 

deze, zoals in vele HIV/AIDS studies, een aanzienlijk deel van de studie 

uitmaken. 

In de hoofdstukken 3 t/m 6 wordt de incubatietijdverdeling berekend met 

136 



Samenvatting 

alle beschikbare gegevens, inclusief de gegevens van de seroprevalente 

deelnemers in de studie, zonder aannames omtrent de onbekende data van 

seroconversie. Hiervoor wordt een tijdscontinu Markov-model gebruikt, dat de 

progressie beschrijft door stadia die gebaseerd zijn op CD4 aantallen. In dit 

model zijn parameters opgenomen die de overgangen van een stadium met 

een lager aantal CD4 cellen naar een stadium met een hoger aantal cellen 

beschrijven. 

In hoofdstuk 4 wordt de bruikbaarheid van dit model aangetoond om de 

incubatietijdverdeling te berekenen in een cohort van homoseksuele mannen, 

waarbij de nodige aandacht is besteed aan de grote intra-individuele variatie 

van de CD4-bepalingen. Door het Markov-model toe te passen op stadia van 

de anti-CD3 reaktiviteit wordt deze als marker voor ziekte progressie 

vergeleken met die van het aantal CD4 cellen. Hoewel beide geassocieerd zijn 

met een toenemende hazard voor progressie naar AIDS, is de voorspellende 

waarde van de anti-CD3 reactiviteit geringer dan die van het aantal CD4 

cellen. 

In hoofdstuk 5 wordt het op CD4 gebaseerde Markov model aangepast 

om rekening te kunnen houden met overlijden voordat een AIDS diagnose 

gesteld is. Dit model is aldus toegepast om de incubatietijdverdeling in 

injecterende drug gebruikers (IDG) te schatten. De mortaliteit onder IDG is 

groot en lijkt zelfs groter onder HIV-geïnfecteerde IDG. Door de grote 

mortaliteit in HIV-geïnfecteerde IDG is de mediane overleving vanaf 

seroconversie onder IDG aanzienlijk korter dan onder homoseksuele mannen. 

Opvallend was de bevinding dat de hazard om te overlijden voordat een 

AIDS diagnose gesteld is, bijna constant was over de stadia van ziekte 

progressie. Dit doet vermoeden dat het overlijden, voor enigerlei reden, 

onafhankelijk is van de HIV ziekte-progressie en in dat geval is de mediane 

tijd tot AIDS onder IDG overeenkomstig met die onder homoseksuele 

mannen. Zelfs als een of meerdere specifieke redenen van overlijden wel 

gerelateerd zijn aan HIV-ziekte progressie, zal hierin niet veel verandering 

komen. In verband met de discussie over verschillen tussen transmissie-

groepen wordt hiermee ondersteund dat er geen substantieel verschil is in de 

progressie naar AIDS, tussen transmissiegroepen. 

In hoofdstuk 6 wordt een verlenging gerapporteerd, van de wachttijden 
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in de latere stadia van HIV-infectie voor AIDS en van AIDS tot overlijden, in 

de periode na maart 1990 in vergelijking met de periode voor deze datum. 

Deze bevinding is gebaseerd op een cohort studie onder homoseksuele 

mannen in Amsterdam en een in Vancouver, door gebruik te maken van een 

tijdscontinu Markov model van HIV-seroconversie tot overlijden. De 

resultaten van beide cohort studies waren consistent met betrekking tot een 

langzamere ziekteprogressie in de periode waarin behandeling uitgebreid 

toegepast werd (na maart 1990), voor personen met een laag aantal CD4 

cellen. Naar alle waarschijnlijkheid liggen hieraan de behandeling en 

Prophylaxe van aan HIV gerelateerde ziekten ten grondslag. Aangezien, tot 

het moment van analyse, triple-combinatie therapie slechts in geringe mate 

toegepast werd, kan in de nabije toekomst een verdere vertraging van de 

ziekteprogressie verwacht worden. 

Tot slot worden de conclusies in het licht van de huidige kennis over het 

natuurlijk beloop in hoofdstuk 7 bediscussieerd. De informatie omtrent 

stadium specifieke progressie is essentieel om het niet-stationaire karakter van 

de incubatie periode te beschrijven. Meer nog dan bij het klinisch beloop in 

individuen, is het noodzakelijk om statistisch betrouwbare schattingen te 

hebben van de incubatie periode om de omvang van de HIV-epidemie te 

berekenen uit de gerapporteerde AIDS diagnoses. 
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