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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. 



Immunological Staging of HIV Disease Progression 

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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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 
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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 

85 



Immunological Staging of HIV Disease Progression 

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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