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Abstract 

In recent years, benefits of Highly Active Antiretroviral Therapy (HAART) conferred 

on the morbidity and mortality of HIV/AIDS patients have been observed in 

numerous studies, mostly in industrialized countries where both AIDS incidence and 

the mortality resulting from AIDS have been declining. In this study, we make use of 

a cohort data of 138 AIDS patients in Taiwan, where the annual number of AIDS 

incidence is still increasing, to investigate the impact of HAART on survival time 

from onset of AIDS to death, by attempting to identify the association between 

patterns of CD4 counts and survival times for the HAART and non-HAART groups. 

Complications in data used, such as CD4 counts measured intermittently at different 

time points for different patients, measurement errors, or measurements unavailable 

after the survival time, could result in biased inferences for this study. Therefore we 

make use of a joint modeling approach including graphic techniques to model survival 

time and the time-dependent CD4 count simultaneously, by which we are able to 

derive unbiased and efficient estimators. The statistical inferences and graphic 

techniques reveal that both HAART and CD4 count are positively associated with 

survival time. The p-values for the impact of HAART and CD4 count are less than 

0.00001 and 0.013, respectively.  The mean survival time for non-HAART and 

HAART group are 2.31 years [95%CI: (1.72, 3.83)] and 5.82 years [95%CI: (4.34, 

8.96)], respectively; and the respective median survival time are 1.88 years [95%CI: 

(1.60, 2.65)] and 6.51 years [95%CI: (5.54, 9.31)]. Moreover, increasing log CD4 

count by one unit will reduce hazard rate by 38.9% and the relative risk of 

non-HAART group to HAART group is 7.76. Our findings are consistent with 

previous statistical studies, indicating that HAART is helpful in improving the 

survival time of AIDS patients and CD4 count is positively related to lifetime. The 

results derived through joint modeling approach are more accurate and reliable due to 

the advantages offered by our procedure.    
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Introduction 

Since the advent of Highly Active Antiretroviral Therapy (HAART) in 1996, 

substantial decrease in mortality and slower progression to AIDS had been observed 

in many studies (e.g., [1-4]); while other studies have shown HAART to be unable to 

completely and durably suppress HIV replication and sometimes even with adverse 

drug reaction (e.g., [5]).  Currently, HAART regimens with 3 or more antiretroviral 

agents, usually from at least 2 different classes, are the standard treatment for 

HIV-infected persons receiving antiretroviral therapy [6]. A systematic review of 54 

randomized, controlled trials consisting of 16,684 HIV-infected patients with limited 

or no antiretroviral experience concludes that 3-drug therapy was more effective than 

2-drug therapy [7]. Moreover, observational studies have also indicated that HAART 

can result in sustained (up to 4 to 5 years) improvements in CD4 cell counts and viral 

loads [8-10].  However, all these studies have been done in industrialized countries 

where both  AIDS incidence and the mortality resulting from AIDS have been 

declining in recent years.  

In Taiwan, the annual number of AIDS incidence is still increasing, from 16 in 1991, 

to 136 in 1997, and to 259 in 2004 [11]. Beginning in April 1997, the Department of 

Health of Taiwan adopted a policy to provide all HIV-infected citizens with free 

access to HAART through the National Health Insurance program, with the timing of 

the initiation of HAART and the regimens based on guidelines recommended in the 

United States [12]. The combination of an effective surveillance system and a policy 

to provide free HAART to all HIV-infected citizens made it possible to study the 

effect of widespread use of HAART in Taiwan under the condition that the yearly 

incidence of HIV infection is still increasing.  Several studies have been carried out 

which focused on the effects of HAART in HIV incidence [13] and the quality of life 

[14-15] in Taiwan.  More recently, Li et al. [16] constructed the trajectory of the 

changing viral load with treatment time. They used longitudinal viral load data of 
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HIV-infected patients in Taiwan with complete viral load observations, of which 208 

are in the HAART group and 164 in the non-HAART group, to apply a nonparametric 

mixed-effects model. This study concluded that, at the beginning of treatment, 

non-HAART group has strong antiviral activity, which is lacking with HAART group. 

However, during the course of the treatment, the superiority of non-HAART treatment 

lessens, and this therapy ultimately fails, whereas HAART maintains a constant effect 

throughout the treatment.  

However, the impact of HAART on the level of CD4 counts in AIDS patients 

and the mortality of AIDS patients in Taiwan has never before been reported. The 

primary aim of this study focuses on the evaluation of the impact of HAART on the 

survival time from onset of AIDS to death of AIDS patients by attempting to identify 

the association between patterns of CD4 counts and survival times for the HAART 

and non-HAART groups using a joint model approach [17], which derives estimates 

through joint likelihood function of the Cox model and linear mixed effects models. 

The joint model approach, which efficiently utilizes information of survival time and 

time-dependent covariates at same time, yields consistent and (semiparametrically) 

efficient estimates (e.g., [18]). For lucid and insightful reviews on joint modeling, the 

readers are referred to [19, 20]. The joint modeling approach has also been used for a 

clinical trial comparing risperidone with a placebo for the treatment of schizophrenia 

in [21, 22], however their estimating procedures differ from ours in the way one 

maximizes the joint likelihood function.  

The rest of this article is organized in the following manner. We describe the data 

used for our study in Section 2. Section 3 gives the proposed statistical procedure, 

namely, the joint model. In Section 4 we give the results obtained by applying our 

procedure to the data described in Section 2. Finally, in Section 5, we discuss the 

advantages of our method as well as limitations in applications. 
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2. Taiwan AIDS cohort data  

The HIV/AIDS cohort data of 1054 HIV-infected patients in Taiwan, collected from 

1990 to January of 2003, was used in this study. All patients were advised to return 

every three or four months for medical treatment and measurement (especially CD4 

count). Although this original data set contains more than 200 AIDS patients, only 

patients developed AIDS were included in our study.  Moreover, since the 

original data set was not from a randomized clinical trial (almost all patients in the 

data set who developed AIDS after 1996 were treated with HAART), we may 

encounter various biases when analyzing the original data. As an alternative, a 

historical comparison may be applicable here.  Consequently, after deleting those 

AIDS patients who switched between the two treatment groups and discarding a few 

AIDS patients who had onset after 1996 but only received non-HAART treatment, 

138 AIDS patients were then selected.  The fact that patients who had onset of 

AIDS after 1996 are more likely to receive HAART could be attributable to its being 

freely available and to treatment efficacy, the use of historical control group enables 

us to handle such dilemmas.   

Of the selected 138 patients, there are 101 patients in non-HAART group who 

had onset of AIDS before 1996, when HAART treatment was first introduced in 

Taiwan, and received non-HAART (single or double drugs) at all the time. The 

other 37 patients developed AIDS after 1996 and received HAART after the onset 

time.  Therefore, this group of 101 patients is the historical control group when 

deriving the effect of HAART treatment for AIDS patients.  

 

3. Statistical Method 

3.1. Graphic method 

As a complement to formal statistical methodology, graphic technique is a helpful tool 

to capture the features of longitudinal CD4 count and survival time simultaneously. 



Three graphic methods are employed in this study to gain insights into the data. The 

event history graph was developed by Dubin et al. [23]. The graph contains the 

Kaplan-Meier estimator for the right-censored data and a simultaneous display of the 

patterns of time dependent covariates and survival time for each subject in the sample. 

The second method is a 3-D display of spline smoothing surface for survival time, 

measurement time, and log CD4 count (see perspective plot in [24]). With the 3-D 

graphs, the relationship between survival time and log CD4 count can be simply 

grasped. Another method uses LOWESS smoothing technique on log CD4 count to 

specify the behavior of CD4 count in different treatment groups (see Lowess plot in 

[24]).  

 

3.2. Joint method 

The recent developed joint model approach [17] is used to model survival time and 

the time-dependent CD4 count simultaneously. Let X(t) denote the time dependent 

CD4 count and e(t) denote the measurement errors. As X(t) may be disturbed by e(t), 

the CD4 count actually observed is denoted by W(t)= X(t) + e(t), where X(t) cannot be 

directly observed. The relationship between survival time and time dependent CD4 

count is then through the Cox proportional hazards model 

0{ | ( ), } ( )exp{ ( ) },t X t Z t X t Zλ λ β= +γ  

where Z is the treatment group with the non-HAART group coded 0 and HAART 

group coded 1.  Moreover, ( ) { ( ) : 0 }X t X s s t= ≤ <  denotes the covariate history up 

to time t, ( , )β γ  is the regression coefficients, and 0 ( )tλ  is the unspecified baseline 

hazard rate function. The patterns of the time dependent CD4 count X(t) can be well 

described by linear mixed-effects models. As we can see from the results in the next 

section, a cubic random coefficient model is suitable to describe X(t), which is defined 

as 
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2 3
0 1 2 3( ) ,X t b b t b t b t= + + +  

where  follow a 4-dimesional multivariate normal distribution. Note 

that the regression coefficient 

0 1 2 3( , , , )b b b b

β  reflects the relationship between survival time and 

CD4 count, and γ  reveals the effect of HAART on survival time. Regression 

coefficients being significantly less than 0 indicate that the corresponding covariates 

tend to be associated with increased survival time, while regression coefficients 

significantly greater than 0 indicate that the covariates are associated with shortened 

survival time and increased mortality. The estimates of coefficients ( , )β γ  are 

derived by maximizing joint likelihood function [17] through Monte Carlo EM 

algorithm and bootstrap procedures [20, 25]. The CD4 count was transformed 

logarithmically to yield a better fit for X(t). Furthermore, the proportionality 

assumption was assessed by scaled Martingale residuals to ensure the validity of Cox 

model.  

 

4. Results 

The event history graph is presented in Fig 1(a)-1(c) for all patients, the non-HAART 

group, and the HAART group, respectively. Each colored bar denotes the CD4 history 

of each patient. Four different colors denote different levels of log CD4 counts. The 

red color indicates a high log CD4 count of greater 2.7, the orange color indicates a 

medium-high log CD4 count of between 2.0 and 2.7; the yellow color indicates a 

medium-low log CD4 count of between 1.2 and 2.0; and the green color indicates a 

low log CD4 count of less than 1.2. The Kaplan-Meier curve is the upper boundary of 

the union of all bars. Fig 1(a), with the CD4 counts of all patients, may not indicate 

any special pattern. However, if we plot the event history graph separately for the two 

treatment group, then certain interesting trends do appear. In Fig 1(b), the CD4 counts 

of non-HAART group eventually decreased to a medium-low level or low level, while 

in Fig 1(c) most of patients in HAART group kept a medium-high or high level CD4 
 7
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counts all during the time period with some patients even having increased CD4 

counts for some time interval. In addition, Fig 1(c) has a much higher survival 

probability than 1(b) when comparing with the Kaplan-Meier estimators. The event 

history graphs may reveal the possibly positive association among CD4 count, 

HAART, and survival time of the patient.  

Fig 2(a)-2(c) show the 3-D smoothing surface for all patients, non-HAART 

group and HAART group, respectively. Fig 2(a) indicates the trends that CD4 counts 

eventually decrease, and the patients with longer lifetime maintain higher level CD4 

count for a longer period. To obtain more information, we need to examine the 3-D 

smoothing surface for each group. In Fig 2(b), patients in non-HAART group with 

shorter lifetimes tend to have rapid CD4 decreasing rates, while patients in the same 

group but with longer lifetime have slow CD4 decreasing rate. It is intuitively 

reasonable that the longer lifetimes the patients have, the slower CD4 decreasing rate 

would be expected. In Fig 2(c), patients in HAART group tend to have increasing 

CD4 counts at early measurement time. However, in the long run the CD4 counts are 

still decreasing, albeit with decreasing rate which is slower than that of non-HAART 

group. Furthermore, the survival time in HAART group is longer than that in 

non-HAART group. Again, these figures may suggest possibly positive associations 

among CD4 count, HAART, and survival time. 

To observe the trends of CD4 counts in both groups clearly, we plot the profile of 

CD4 for each group and use LOWESS smoothing technique to obtain the trends. Fig 

3(a) and Fig 3(b) show the trends of CD4 count in both treatment groups. The overall 

trend of CD4 counts in non-HAART group decreases quickly at the first two years 

and stays stable thereafter. However, the overall trend of CD4 counts in HAART 

group gradually increases to attain a peak but then decreases slowly to a stable level. 

Hence our findings show that, using graph methods, HAART seem to confer a benefit 

in both survival and CD4 counts of patients when comparing with patients in 



non-HAART group.                

For statistical analysis, the scaled Martingale residuals do not show violation to 

the proportionality assumption, and hence Cox model is valid to be used for this data. 

The statistical analyses via joint model reveal two facts. First, the pattern of CD4 

counts of individual can be well described by a cubic random coefficient model. The 

evidence can be seen in Fig 4 which shows that cubic functions fit very well to the 

four randomly selected patients’ CD4 counts. Consequently, the profile of CD4 counts 

of each individual can be approximated by a cubic function with coefficients different. 

If we assume the four coefficients of each patient are random and come from the same 

population then this is cubic random coefficient model. Second, the regression 

coefficients ( , ) ( 0.389, 2.049)β γ = − −  are both significantly less than 0 with p-value 

(0.013, <0.00001). This indicate that a larger CD4 count or delivery of HAART 

predict a longer survival time. With adjusted by CD4 counts, the survival functions 

for the two treatment groups are presented in Fig 5 which shows patients in HAART 

group (in red curve) have higher survival probability. Moreover the mean survival 

time for non-HAART and HAART group are 2.31 years [95%CI: (1.72, 3.83)] and 

5.82 years [95%CI: (4.34, 8.96)] , respectively, and the respective median survival 

time are 1.88 years [95%CI: (1.60, 2.65)] and 6.51 years [95%CI: (5.54, 9.31)]. To be 

more specific, increasing log CD4 count by one unit will reduce hazard rate by 38.9% 

and the relative risk of non-HAART group to HAART group is 7.76. 

 

5. Conclusions and Discussions. 

    The results obtained in this work by employing graphic methods are consistent 

with those found by statistical analyses. That is, both agreeing that HAART is helpful 

to lengthening lifetime for AIDS patients, and that CD4 count is positively related to 

lifetime. 

Of the HIV/AIDS cohort data in Taiwan, we only used the AIDS patient data. In 
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theory, we could also explore the improvement in morbidity, i.e., the delay in onset of 

AIDS in HIV-infected patients, due to the fact that the Taiwan cohort data includes 

many patients who have received HAART for several years before onset of AIDS. 

However, this direction of study is complicated by the fact that the infection time of 

the each patient is unknown, as opposed to our present study of AIDS mortality where 

the onset time of every AIDS patient in the data is known. 

When performing partial likelihood for Cox proportional hazards model, it is 

necessary to have complete knowledge of the covariate history for all individuals. 

Therefore, biases occur when time-dependent covariates (i.e. CD4 counts) are 

measured intermittently at different time points for different patients (possibly with 

measurement errors) or when measurements are not available after the survival time. 

Joint modeling approach offers a solution to these predicaments when Cox 

proportional hazards model is used. Moreover, the estimators derived by joint 

modeling approach have some nice properties (consistency, asymptotic normality and 

efficiency) under a large number of repeated measures and small measurement errors 

(see [18, 20]). Consequently, one needs to be cautious when using joint modeling 

approach if there are very few repeated CD4 measurements obtained for each patient 

or if the measurement errors of CD4 counts are large.  In these cases, a much more 

complicated functional analysis [26] could be used instead.  
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Figure Legends 

Fig 1(a). Event history graph for all AIDS patients. The red color indicates a high log 

CD4 count of greater than 2.7, the orange color indicates a medium-high log CD4 

count of between 2.0 and 2.7, the yellow color indicates a medium-low log CD4 count 

of between 1.2 and 2.0, and the green color indicates a low log CD4 count of less than 

1.2. 

Fig 1(b). Event history graph for AIDS patients in non-HAART group. 

Fig 1(c). Event history graph for AIDS patients in HAART group. 

Fig 2(a). 3-D surface using smoothing spline for all patients. 

Fig 2(b). 3-D surface using smoothing spline for non-HAART group. 

Fig 2(c). 3-D surface using smoothing spline for HAART group. 

Fig 3 (a). The profile of log CD4 counts of the patients in non-HAART group. Each 

blue curve denotes CD4 history of a patient. The red curve is the LOWESS smoothing 

trend. 

Fig 3 (b). The profile of log CD4 counts of the patients in HAART group. Each blue 

curve denotes CD4 history of a patient. The red curve is the LOWESS smoothing 

trend. 

Fig 4. Individual profile of log CD4 counts fitted by cubic function. (a) patient ID 267 

fitted by 2.66 + 0.95 x -0.73 2x +0.12 3x ; (b) patient ID 450 fitted by 

3.26-0.46 x -0.11 2x +0.03 3x ; (c) patient ID 519 fitted by 

0.62+1.56 x -0.43 2x +0.043 3x ; (d) patient ID 600 fitted by 

2.12-0.20 x +0.08 2x -0.12 3x . 

Fig 5. Survival function for non-HAART group (in blue) and HAART group (in red). 
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Fig 1(a). Event history graph for all AIDS patients. The red color indicates a high log 

CD4 count of greater than 2.7, the orange color indicates a medium-high log CD4 

count of between 2.0 and 2.7, the yellow color indicates a medium-low log CD4 count 

of between 1.2 and 2.0, and the green color indicates a low log CD4 count of less than 

1.2. 
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Fig 1(b). Event history graph for AIDS patients in non-HAART group. 

 16



 

Years

E
st

im
at

ed
 s

ur
vi

va
l p

ro
ba

bi
lit

y

0 1 2 3 4 5

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

 

 

Fig 1(c). Event history graph for AIDS patients in HAART group. 
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Fig 2(a). 3-D surface using smoothing spline for all patients.  
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Fig 2(b). 3-D surface using smoothing spline for non-HAART group. 
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Fig 2(c). 3-D surface using smoothing spline for HAART group. 
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Fig 3 (a). The profile of log CD4 counts of the patients in non-HAART group. Each 

blue curve denotes CD4 history of a patient. The red curve is the LOWESS smoothing 

trend. 
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Fig 3 (b). The profile of log CD4 counts of the patients in HAART group. Each blue 

curve denotes CD4 history of a patient. The red curve is the LOWESS smoothing 

trend. 
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Fig 4. Individual profile of log CD4 counts fitted by cubic function. (a) patient ID 267 

fitted by 2.66 + 0.95 x -0.73 2x +0.12 3x  (b) patient ID 450 fitted by 

3.26-0.46 x -0.11 2x +0.03 3x  (c) patient ID 519 fitted by 

0.62+1.56 x -0.43 2x +0.043 3x  (d) patient ID 600 fitted by 

2.12-0.20 x +0.08 2x -0.12 3x  
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Fig 5. Survival function for non-HAART group (in blue) and HAART group (in red). 
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