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ViralViral dynamics and immune reconstitution during potent antiretroviral therapy 

ObjectivesObjectives and design: The dynamics of viral decline following the 
initiationinitiation of antiretroviral treatment were studied in 29 HIV-1 -infected 
patientspatients participating in a two-arm trial comparing immediate (group A: 
ritonavir,ritonavir, zidovudine and lamivudine) and delayed (group B: ritonavir 
supplementedsupplemented by zidovudine and lamivudine on day 21) triple therapy. 
ParametersParameters underlying viral dynamics were estimated using mathematical 
modelsmodels tailored to these treatment protocols. 

Results:Results: The decline in plasma HIV-1 density between day 0 and 21 was 
steepersteeper in group A (-2.27  0.46 iogm) than group B (-1.87  0.56 logio). 
InIn a subset of patients amenable to full mathematical analysis, a 
short-livedshort-lived productively infected cell compartment (producing -97% of 
totaltotal virions) decayed with a half-life of 1.0 - 2.5 days, whereas a 
long-livedlong-lived infected cell compartment decayed with a half-life of 18.8 -
32.832.8 days. Estimates for the time for the elimination of virus from these 
twotwo cell populations ranged from 474 to 802 days. The rate of loss of 
productivelyproductively infected CD4+ T cells was positively correlated with baseline 
viralviral load in group A and in the combined data set. 

Conclusions:Conclusions: These results suggest that HIV-infected cell populations 
maymay have a faster turnover in patients with higher viral loads due to higher 
infectioninfection rate parameters, higher rates of virus production or lower virus 
clearanceclearance rates. 

INTRODUCTION N 

Thee course of HIV-1 infection varies with the level of HIV-1 RNA in 
plasma,, which stabilizes early in infection.1151 High steady-state levels of 
HIV-11 RNA in the first years of the asymptomatic phase predict rapid 
diseasee development [A'6] while disease development and the underlying 
immunodeficiencyy is postponed when steady-state levels of HIV-1 RNA 
aree low. These findings suggest that bringing down HIV-1 RNA levels by 
severall orders of magnitude may reduce the risk of developing AIDS. The 
mostt potent antiretroviral drug regimens include combinations of HIV-1 
proteasee inhibitors with reverse transcriptase inhibitors.1791 

Followingg initiation of potent antiretroviral therapy, the level of HIV-1 
RNAA in plasma declines 93-99% in two weeks in most patients.19 n | The 
initiall rapid decline is followed by a second phase of slower decline, 
whichh persists until the virus becomes undetectable.191 The second phase of 
declinee is believed to be due to a long-lived infected-cell compartment, 
thatt decays with a half-life of 1-4 weeks.'9' Productively infected CD4* T 
lymphocytess and free viruses, by comparison, decay with mean half-lives 
off 1-2 days and 6 h or less, respectively.'91^ The period needed to 
eliminatee HIV-1 completely from these identified compartments has been 
estimatedd to be 2.3-3.1 years based on the decay of virus produced by 
long-livedd infected cells.19' 

Inn order to evaluate and predict the short- and long-term effects of 
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antiretrovirall therapy regimens, and to look more closely for possible 
associationss between infected cell turnover rates and pre-treatment 
virological/immunologicall status, I,3,H1 29 HIV-1 -infected participants were 
analyzedd from a two-arm study, receiving either ritonavir, zidovudine and 
lamivudinee from the start, or only ritonavir until day 21 when zidovudine 
andd lamivudine were added.[B1 We used HIV-1 RNA measurements, viral 
decayy calculations and estimates of time to viral elimination from defined 
compartmentss to compare the two arms of the study, evaluate individual 
therapyy responses and identify any relationships between patient baseline 
characteristicss and response to therapy. 

METHODS S 

Patient ss and stud y treatmen t 
Eligiblee patients were antiretroviral-naive HIV-1-infected adults, with 

CD4"" lymphocyte counts of at least 50 x 106 cells/L and a plasma 
HIV-RNAA level of at least 30,000 copies/ml_. Study participants were 
randomizedd into two groups using an adaptive minimization method 
basedd on CD4+ lymphocyte counts (<200 or > 200 x 106 cells/L) and 
plasmaa HIV-1 RNA levels ( < 5 logio or >5 logio copies/mL).['51 Group A 
patientss (immediate triple therapy) received an open label triple 
combinationn of ritonavir 600 mg twice daily, zidovudine 300 mg twice 
daily,, and lamivudine 1 50 mg twice daily. Group B patients (delayed triple 
therapy)) received ritonavir monotherapy for three weeks, after which 
zidovudinee 300 mg twice daily and lamivudine 150 mg twice daily were 
added.. Ritonavir was escalated to full dose over four days starting at 300 
mgg twice daily in both study groups.'8! 

Onlyy patients taking drugs at the prescribed doses for at least 21 days (29 
outt of 33 original participants) were included in the analyses. For the 
second-phasee declines, more stringent criteria were used. Only patients 
whoo took drugs as prescribed, who were sampled for at least 12 weeks, and 
showedd no evidence of a viral increase during treatment for this period 
weree included. Viral increase was defined as either: (i) a 3-fold or greater 
increasee in HIV-1 RNA above any previous point, or (ii) the presence of a 
virall toad measurement 3 times higher than the regression line drawn 
throughh neighboring points. Because the model assumes a pre-treatment 
steady-state,, patients who showed greater than 3-fold variation among the 
dayy 0, -7 and -14 HIV-1 RNA measurements were also excluded. Only 8 of 
thee original 33 patients qualified for inclusion. Of the 25 not included, 11 
weree not in steady-state, seven exhibited viral rebounds, six did not take 
drugss as prescribed, four were not sampled enough, and one went 
undetectablee before the second phase could be observed (some patients 
hadd more than one problem). 

Laborator yy method s 
Bloodd sampling was performed for various assessments at week -4 for 
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studyy entry assessment, pre-treatment at weeks -2, -1 and 0, then days 2, 7, 
andd 9, followed by sampling at week 2, 3, 4, 6 and 8, and every 4 weeks 
thereafter.. Indicators of treatment efficacy included the plasma HIV-1 RNA 
levelss and CD4+ lymphocyte counts. RNA levels were assessed by a 
commerciallyy available reverse transcriptase PCR assay, following the 
manufacturerss instructions (Amplicor HIV Monitor Test, Roche Molecular 
Systems,, Branchburg, N.J., USA), with a variable lower quantitation level 
(meann + SD for this study was 251  148 copies/mL (2.40 + 0.2 login)). 

Mathematica ll  model s 
Inn order to estimate turnover rates of infected cell populations, we 

assumed,, in accordance with a previous analysis,191 that free virus is 
producedd by two distinct populations of cells: a productively infected cell 
populationn with a rapid decay rate, which we took to be productively 
infectedd CD4T T cells, and a long-lived infected cell population, whose 
identityy is unknown. The loss rates of these two cell populations were 
reflectedd in the two-phase kinetics of plasma HIV-1 decline following 
treatmentt initiation (Fig. 1). 

Too model the two-phase decline we assume that productively infected 
CD4++ T cells, T*, and long-lived infected cells, M* , are formed at a rates 
kTVkTV and kuMV, respectively (where T indicates target CD4+ T cells, M 
indicatess long-lived target cells, V indicates free virus, and k is the rate 
constantt for viral infection). We also assume that, in the absence of new 
infections,, T* and M* decline exponentially with rate constants S and fj, 
respectively,, and that in the absence of new production free virus declines 
exponentiallyy with rate constant c, (where S'\s the death rate of productively 
infectedd CD4+ T cells, fj is the death rate of infected long-lived cells, and c 
iss the clearance rate of free virus). With these assumptions, the dynamics of 
virall turnover can be described using the following equations developed by 
Perelsonn et al. [9': 

dM* dM* 
(1)) k^VM-^M* 

dt dt 

dJ* dJ* 
(2)) = kVT-$T* 

dt dt 

dV dV 
(3)) = TTT* + pM* -cV, 

dt dt 

wheree /rand p are the rates at which T* and M*, respectively, release virus. 
Inn previous reports, n was given as NS, where N is the lifetime production 
off viral particles by an infected cell.19121 The form used here is more general 
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inn that S may reflect sources of mortality other than viral cytopathicity. 
Althoughh M and 7 could be described using differential equations, we treat 
themm as constants because changes in target cell densities following drug 
treatmentt have little effect on the rate of decline of virus.1121 

Whenn ritonavir, zidovudine and lamivudine are administered together, 
thee rate of decay of HIV-1 RNA, assuming 100% effective therapy and 
pre-treatmentt steady-state viral densities, is [9]: 

(4)) V(t) = Vb[Ae* + Be* + (1-A-B)e"] 

wheree A = KkJtJdic-S), B = (Sc-7rkTb)/S (c-/u), Vb is the baseline density of 
HIV-1,, and Tt> is the baseline density of target cells. 

Whenn only ritonavir is administered, equation (4) cannot be used since 
ritonavir,, which causes newly formed viruses to be non-infectious, does not 
stopp pre-existing infectious viruses from infecting new cells. In analogy to 
thee equation given in Perelson et a/. l'21 for first phase decay, the equation 
forr biphasic decay of HIV-1 RNA, assuming that ritonavir is 100% effective 
andd pretreatment steady-state viral densities, is as follows: 

(5)) V(t) = Vb[(A + C)e* + (B + D)efit + (1-A - B - C - D - Et)ect] 

wheree A, and B are described above, C = 7rkTbKc-S)2, D = (Sc-7rkJb) 
ju/S(c-/.i)ju/S(c-/.i)22,, and E = SA + /JB. 

Whenn pre-treatment viral densities are not in steady-state, S and ju under 
triple-- and mono-therapy, respectively, can be estimated from the least-
squaress fits to the following equations 

(6)) V(t) = Ae(* + Be* + Cect 

(7)) V(t) = Ae* + Be* + (C - Dt)e<l 

wheree A, B, C, and D are now taken as arbitrary constants since they 
dependd on the pre-treatment values for 7* and M* which have not been 
estimatedd for these patients. In accordance with the equations above we 
notee that Vt, = A + B + C. 

Procedure ss for estimatin g paramete r value s 
Equationss 4-7 were fit to drug-treatment data using a non-linear 

least-squaress curve fitting method described by Perelson et a/.[12) For 
patientss in which the pretreatment HIV-1 RNA levels were in steady-state, 
wee could estimate S, /J, and nklb. For patients not in steady-state we could 
onlyy estimate 5and JJ. Our curve-fitting procedure also estimates the initial 
virall density, which in the majority of patients agreed closely with the 
baselinee viral load (defined as the average of the day 0, -7 and -14 
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measurements)) reported below. The study entry assessment at day -28 was 
excludedd from curve-fitting and baseline viral loads to avoid regression to 
thee mean. Confidence intervals for parameter estimates were constructed 
usingg 100 bootstrap estimations. For the purposes of analysis, HIV-1 RNA 
valuess from days -7 and -14 were counted as extra t = 0 values, rather than 
relyingg on the single true t = 0 value. Because we did not have enough 
dataa to estimate the viral clearance rate c, we used the estimate of 3.0 given 
byy Perelson et al. [,2] when fitting equations 4-7. The average 
pharmacologicall delay (when c = — 3.0) was 3.6 h.(121 Redoing the analyses 
withh this delay did not appreciably alter our estimates for the other 
parameterss (median changes in Sand /u were 2.5% and 0.7%, respectively). 
Employingg different values of c (range: 2.0 to 6.0) likewise had little effect 
onn the other parameters. 

Afterr about 40 days of treatment, the HIV-1 RNA values fell below the 
lowerr limit of quantitation in some patients. To decide which, if any, cut-off 
pointss should be included in the data fitting we first performed a 
least-squaress in the absence of cut-off points. We then added cut-off points 
onee at a time, redoing the fit after each addition. Only cut-off points 
(representingg a maximum estimate for HIV-1 RNA density) that pulled the 
regressionn line down were included in the final data set. 

Statistica ll  analysi s 
Correlationss between parameters estimated from the model {8and /J) and 

baselinee values (baseline CD4 cell counts and viral load) were assessed 
usingg linear regression and Spearman correlation. Differences between 
groupss A and B were tested using t-tests. Prior to performing t-tests and 
linearr regressions, data was tested for normality using a Wilks-Shapiro test 
forr normality, while the constancy of variance assumption needed for linear 
regressionn was tested using routines in the SigmaStat for Windows statistical 
softwaree package (Jandel Corp., San Rafael, CA). Statistical conclusions are 
reportedd as two-tailed tests of hypotheses unless otherwise noted. 

RESULTS S 

Changess in vira l and CD4+ T-cel l densitie s followin g therap y 
Thee initial effect of triple therapy (group A, 15 patients) versus 

monotherapyy (group B, 14 patients) was analyzed by comparing the viral 
loadd at day 21 (V;;), with the baseline viral load (Vb, defined as the mean of 
dayss 0, -7, and -14), and by non-linear least-squares fits of equations 4-7 to 
thee data (Table 1). The mean logio(V:r/Vh) was lower in group A (-2.27
0.46)) than in group B (-1.87  0.56; one-tailed t-test, p = 0.025). This was 
reflectedd also in the estimate for the rate of loss of productively infected 
cells,, ö, of 0.61 9 per day for group A compared with 0.47 2 per 
dayy for group B (one-tailed t-test, p = 0.017). These rates correspond to a 
meann decay half-life of 1.3  0.4 days (group A) versus 1.6  0.6 days 
(groupp B). 
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Patient t 

Groupp A 

20444 4 

20450 0 

20453 3 

20469 9 

20470 0 

20484 4 

20485 5 

20490 0 

20492 2 

20495 5 

20496 6 

20497 7 

20506 6 

20508 8 

20511 1 

Mean n 

(SD) ) 

Groupp B 

20445 5 

20446 6 

20449 9 

20452 2 

20471 1 

20472 2 

20478 8 

20482 2 

20483 3 

20489 9 

20491 1 

20504 4 

20505 5 

20510 0 

Mean n 

(SD) ) 

Celll coun 

Baseline e 

CD4 4 

323 3 
77 77 

140 0 
177 7 
357 7 
137 7 
233 3 

40 0 
403 3 
230 0 
217 7 
180 0 
93 3 

223 3 
230 0 

204 4 
(102) ) 

120 0 
220 0 
393 3 
170 0 

340 0 
67 7 
270 0 
75 5 
117 7 
57 7 

600 0 
120 0 
225 5 
140 0 

208 8 
(152) ) 

t(xx 107L) 

ACD4 4 

73 73 
67 7 

50 0 
60 0 
103 3 
73 3 
107 7 
133 3 
190 0 
120 0 

120 0 
187 7 
147 7 
20 0 
83 3 

102 2 
(49) ) 

37 7 

20 0 
30 0 
63 3 
13 3 

223 3 
103 3 
72 2 
-3 3 
70 0 
207 7 

80 0 
75 5 
107 7 

78 8 
(67) ) 

Vh Vh 

(1033 copies 

/ml_) ) 

146 6 
1312 2 

132 2 

66 6 
138 8 

1300 0 

49 9 
3220 0 

39 9 
195 5 
471 1 

540 0 
868 8 
93 3 

410 0 

599 9 
(843) ) 

1128 8 

199 9 

55 5 
354 4 
55 5 

849 9 
115 5 
279 9 
254 4 

269 9 
35 5 
299 9 

59 9 
660 0 

329 9 
(329) ) 

Logio o 

(V^/VB) (V^/VB) 

-1.87 7 

-2.77 7 

-2.10 0 

-2.13 3 

-2.54 4 

-3.13 3 

-1.60 0 

-2.61 1 

-1.53 3 

-2.10 0 

-2.36 6 

-1.93 3 

-2.79 9 

-1.94 4 

-2.59 9 

-2.27 7 

(0.46) ) 

-2.15 5 

-1.65 5 

-2.02 2 

-2.12 2 

-1.61 1 

-0.82 2 

-1.52 2 

-1.96 6 

-2.11 1 

-2.26 6 

-1.51 1 

-2.40 0 

-1.08 8 

-3.03 3 

-1.87 7 

(0.56) ) 

S S 

(perr day) 

0.655 * 

0.811 * 

0.58 8 

0.51 1 

0.677 * 

0.96 6 

0.36 6 

0.899 * 

0.51 1 

0.55 5 

0.377 * 

0.60 0 

0.666 + 

0.28 8 

0.699 * 

0.61 1 

(0.19) ) 

0.53 3 

0.52 2 

0.344 * 

0.511 * 

0.23 3 

0.52 2 

0.57 7 

0.33 3 

0.566 * 

0.37 7 

0.46 6 

0.70 0 

0.45 5 

0.52 2 

0.47 7 

(0.12) ) 

Half-life e 

(days) ) 

>hort-lived d 

1.1 1 
0.9 9 
1.2 2 

1.4 4 

1.0 0 
0.7 7 
1.9 9 
0.8 8 
1.4 4 

1.3 3 
1.9 9 
1.2 2 
1.0 0 
2.5 5 
1.0 0 

1.3 3 
(0.5) ) 

1.3 3 
1.3 3 

2.1 1 
1.4 4 
3.0 0 

1.3 3 

1.2 2 
2.1 1 

1.2 2 
1.9 9 
1.5 5 

1.0 0 
1.5 5 

1.3 3 

1.6 6 
(0.5) ) 

Tablee 1. Group s A and B patient s (immediat e tripl e and monotherap y 
groups) .. * Estimated using non-steady-state model. A CD4, mean of CD4' 
T-cellT-cell counts at days 14, 21 & 28 minus mean pre-drug CD4" T-cell count; 
Vb,Vb, baseline free viral load; VJJ, viral load at 21 days; ö, death rate of 
productivelyproductively infected cells. 
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Becausee the mean baseline viral load was slightly higher in group A, we 
alsoo performed a parametric multiple regression analysis with logio(WV/j) 
ass the dependent variable, and with treatment group and logioVb as 
independentt variables. The parametric regression coefficients for treatment 
regimee and logioV/, were both significantly less than zero (one-tailed t-test p 
== 0.030; two-tailed t-test, p = 0.002, respectively). This analysis (and a 
similarr analysis for d given below) confirmed that viral load dropped 
furtherr in group A, although it also pointed to a strong correlation between 
thee magnitude of the viral drop and baseline viral density (see below). 

Althoughh we observed a significant difference in the rate of viral decline 
betweenn groups A and B, no statistically significant difference was found in 
CD4** T-cell recovery. The mean values of (CD4 cells at day 21) - (CD4 
cellss at baseline) were 102  49 x 106 /L for group A and 78  67 x 10f> 

/LL for group B. These data suggest that the rate of loss of productively 
infectedd cells was more rapid following immediate triple therapy (group A) 
thann after protease inhibitor monotherapy (group B), without a significant 
differentiall effect on CD4" T-cell counts. 

Losss of productivel y infecte d CD4+ T cell s in relatio n to baselin e HIV-1 
densit y y 

Nextt we investigated whether the loss rate of productively infected 
CD4++ cells was related to any baseline parameter. In the immediate triple 
therapyy group the estimated rate of decline of productively infected CD4 f 

cellss {S} correlated positively with the logarithm of the baseline HIV-1 RNA 
(t-testt on regression coefficient, p = 0.002; Fig. 1). This relationship was 
nott seen in group B (t-test on regression coefficient, p = 0.081). For the 
twoo groups combined, however, a multiple regression analysis 
demonstratedd that both logioV/) (t-test on regression coefficient, p < 0.001) 
andd treatment regime (one-tailed t-test on regression coefficient, p = 
0.016)) exert an significant influence on S. This relationship between <5and 
logioV/)) is consistent with the above-noted correlation between logio(V2//Vb) 
andd logioV/), since both depend upon the initial slope of viral decline. 
Despitee the observed correlation between Ö and logioVt, no correlations 
betweenn rfand baseline CD4* T-cell counts were observed in either group 
A,, group B, or the two groups combined (t-tests on regression coefficients, 
pp = 0.107, 0.343, and 0.104 respectively). 

Becausee our estimates for 6 and Vb depend on the same pre-treatment 
HIV-11 RNA measurements, S is not strictly independent of logioVb. To test 
whetherr the above correlation holds if this dependence is removed, we 
testedd the correlation between logio[(Vu+ V-28)/2] and 5 estimated from 
dataa sets that include days 0 and -7, but not days -14 and -28. The 
observedd correlations were still highly significant (Spearman correlation 
coefficients:: group A, 0.694 (p = 0.004); group B, 0.656 (p = 0.010); 
groupss A and B combined, 0.596 (p < 0.001)) indicating that baseline 
virall load and 5 continue to correlate even when this dependency is 
removed.. (We used a nonparametric test here because these modified 
logioV/,, and lvalues failed a constancy-of-variance test). 
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logioVb b 

6.5 5 7.0 0 

Fig.. 1. Positive correlation between the rate of loss of productively 
infectedinfected CD4' T cells (8) and baseline HIV-I load (Vb) in group A patients. 

Vira ll  decay rates in the 'optima l therapy ' subgrou p 
Thiss analysis included a subset of eight patients (five from group A and 

threee from group B) who showed an optimal therapy response (monotonie 
orr near monotonie declines in HIV-1 RNA), in whom the pre-drug 
variationn in HIV-1 RNA was less than threefold, and who were otherwise 
amenablee to modeling analysis (Table 2). Values for /J, the rate of decay of 
thee long-lived infected cell population, summarized in Table 2 did not 
differr between groups A and B. Among patients with an optimal therapy 
response,, we did not expect to see much difference between groups A and 
BB with respect to /J since both groups took the same set of drugs after day 
21.. For ease of presentation, therefore, we combined the two treatment 
groups.. The mean half-life for long-lived infected cells was 25.7 + 4.5 
dayss with a range of 18.8 - 32.8 days. 

Fromm our estimates of the model parameters for the mathematically 
analyzablee 'optimal therapy' group we estimate (;/ = TzkTblcS, i.e., the 
proportionn of virus at steady state produced by productively infected CD4" 
TT cells; Table 2) that 95-99% of viruses in the pretreatment steady-state 
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originatee from productively infected CD4* T cells and that 1-5% originate 
fromm the long-lived infected compartment. The percentage of viruses 
originatingg from the long-lived infected compartment affects the time to 
transitionn to the second phase, which was 2-3 weeks in our patients (Fig. 
2). . 

Patient t 

Groupp A 

20453 3 

20485 5 

20492 2 

20495 5 

20508 8 

Groupp B 

20482 2 

20491 1 

20504 4 

Mean n 

Basel. . 
CD4 4 

(x x 

107L) ) 

140 0 

233 3 

403 3 

230 0 

223 3 

75 5 

600 0 

120 0 

253 3 

Vb Vb 

(103 3 

copies s 
/mL) ) 

132 2 

49 9 

39 9 

195 5 

93 3 

279 9 

35 5 

299 9 

140 0 

n n 
Per r 

0.99 9 

0.95 5 

0.96 6 

0.98 8 

0.97 7 

0.99 9 

0.96 6 

0.99 9 

0.97 7 

6 6 

day y 

0.58 8 

0.36 6 

0.51 1 

0.55 5 

0.28 8 

0.33 3 

0.46 6 

0.70 0 

0.47 7 

Half-- M Half-
lifee (68% life 

(days)) CI) per (days) 
shortt day long 
livedd lived 

1.22 0.024 28.8 

(0.012-0.034) ) 

1.99 0.031 22.3 

(0.017-0.039) ) 

1.44 0.027 25.4 

(0.017-0.041) ) 

1.33 0.031 22.2 

(0.019-0.041) ) 

2.55 0.037 18.8 

(0.024-0.048) ) 

2.11 0.025 28.2 

(0.017-0.032) ) 

1.55 0.021 32.8 

(0.007-0.034) ) 

1.00 0.026 26.9 

(0.017-0.035) ) 

1.66 0.028 25.7 

Approx x 
timee to 
elimi--

nation* * 
(days) ) 

711 1 

560 0 

618 8 

577 7 

474 4 

714 714 

802 2 

668 8 

640 0 
(SD)|| (172) (106) (0.02) (0.14) (0.5) (0.005) (4.5) (104) 

Tablee 2: Two-phas e estimate s in the optima l treatmen t group . * Time 
untiluntil viral density drops to < I virus per 15 i, (~6.67x70"5 virions /mL). rj 
== nklblcS = fraction of virions at steady state that come from infected T 
cellscells !'" (as opposed to productively infected long-lived cells), where K is 
thethe rate at which productively infected T celts release virus, k is the rate 
constantconstant for viral infection of CD4+ ce//5, U is the target CD4 T-cell level 
atat baseline, c is the clearance rate of free virus, and ö is the death rate of 
productivelyproductively infected CD4* J cells. Vb, baseline free viral load; /J, death 
raterate of infected long-lived cells; CI, confidence interval. 
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Fig.. 2. Two-phas e declin e in plasm a HIV-1 RNA in the eigh t patient s 
amenabl ee to ful l mathematica l analysis . Lines are non-linear least-squares 
fitsfits to the data points (see text for explanation). Open diamonds indicate 
cut-offcut-off values for samples in which HIV-I RNA values fell below the limit 
ofof quantitation. 
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Estimate dd tim e to vira l eliminatio n fro m the long-live d compartmen t 
followin gg therap y 

Sincee fj. varied considerably between the patients (Table 2), we expected 
too see an equally large variation in the approximate time to elimination of 
viruss from the long-lived infected cell population. This was taken to be the 
timee at which viral densities (calculated using equations 4 and 5) are 
projectedd to drop to < 6.67 x 105 virions/mL [i.e., < 1 virion in the 
extracellularr fluid volume of an average 70 kg person (15 L)], The exact 
valuee of the volume used in this calculation is not too critical. Doubling 
thee estimated volume so as to include a substantial amount of tissue 
volume,, for example, would increase the estimated time to extinction by 
lesss than 5%. The overall estimated time to extinction ranged from 474 to 
8022 days with a mean of 640  104 days. 

DISCUSSION N 

Too evaluate the effectiveness of the large number of anti-viral drug 
combinationss that have become available over the last 3-4 years, robust 
andd reliable virological and immunological assays are required. Analytical 
toolss can assist in the rapid and early evaluation of the projected clinical 
benefitt of a therapy based on virological and immunological assessments. 
Inn this study we have used mathematical models to evaluate virological 
andd immunological changes over the first 2-4 months of treatment. 
Estimatess for the decay rate of the easily accessible infected compartments 
makee it possible in the first weeks and months of therapy to assess 
quantitativelyy the drug treatment response and the estimated time for the 
eliminationn of virus from these major viral compartments. Although these 
estimatess do not account for viral sanctuaries, such as latently infected 
cellss or the brain, they are a good reflection of an individual's response to 
therapyy and provide valuable information for future clinical management. 

Wee were able to show that a model incorporating free virus and two 
infectedd cell populations can describe the data we obtained under two 
therapyy modalities. The finding of only two phases in the viral decay 
curvess (by two different therapy modalities and models) adds strength to 
thee assumption that only two significant sources of H1V-1 are present. We 
calculatedd that productively infected CD4+ T cells produce —97% of virus 
inn circulation and long-lived cells ~ 3 % , roughly consistent with the 
observationss in Perelson ef a/.M The initial decay after therapy reflects the 
losss of the major HIV-1 reservoir, the infected CD4+ T cell. Theoretically, 
wee expect that the patient will benefit most from therapies that cause both 
aa rapid decline in number of productively infected CD4+ T cells and that 
rapidlyy reduce the viral load to undetectable levels. 

Ass shown in other studies,1'6'181 the estimate of Ö from the slope of the 
virall decay curve is a product of the true rate of loss of productively 
infectedd ceils and the efficacy of the treatment. In the context of in vivo 
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studiess of the sort performed here, drug efficacy is a composite of 
bioavailability,, pharmacological effects and the ability to suppress 
heterogeneouss viral populations. Indeed, we observed a faster rate of the 
firstt phase of decline under triple therapy than under monotherapy. Since 
patientss were randomly assigned to the two treatment arms this difference 
iss unlikely to be due to differences in the true loss rate of productively 
infectedd cells. We note that Perelson et a/. [9,2] observed a shorter infected 
celll half-life (1.1 per day) in patients taking combination therapy than they 
didd in an earlier study in which patients took only ritonavir (1.6 per day). 
Togetherr these facts suggest that combination therapy is indeed more 
efficaciouss than monotherapy. 

Thee increase in CD4+ T-cell counts under the two therapy regimens was 
nott different. The initial rise in CD4+ T cells following therapy is 
influencedd both by rapid redistribution between lymphoid tissue and 
bloodd and reduced destruction of CD4+ T cells due to direct or indirect 
effectss of HIV-1 infection.119'201 Given the relatively small differences in 
virall load reduction under the two therapy regimens (0.4 logio), however, 
thee absence of a statistically significant difference in CD4 increase is not 
surprising. . 

Thee approximate times to viral elimination reported in Table 2 need to 
bee interpreted with great caution. These estimates only represent the time 
too elimination of virus from the two compartments modeled here. Other 
compartments,, such as latently infected cells t21231 or the brain, may harbor 
virusess well beyond the 2-3 years predicted here. Moreover, our model 
assumess that the decay rates do not change over the course of treatment. If 
thee decay of the long-lived infected cells is influenced by specific immune 
responsess then the rate at which these cells are cleared may decrease with 
thee density of HIV-1 antigens. Using HLA tetrameric complexes it has been 
shownn that the frequency of HIV-1 specific effector cytotoxic lymphocytes 
decreasess with a median half-life of 40-50 days in patients on combination 
therapy.12411 For these reasons, we expect that complete elimination of virus 
fromm the host, if at all possible, wil l take considerably longer than the 
minimall estimates presented in Table 2. 

Thee observed relationship between infected cell turnover rate, 8, and 
baselinee viral load, logioVb, may provide insights into HIV pathogenesis. In 
ourr model, assuming 100% drug efficacy, and neglecting for the sake of 
simplicityy the long-lived cell population, the steady-state turnover rate for 
productivelyy infected cells, 8, is related to the other parameters of the 
modell according to the equation 8 = /rkTiJc where Tb is pre-drug steady-
statee density of CD4* target cells. Under our model, logioV/j, which 
correlatess with 8, must also correlate with nkltJc. Since CD4* T-cell 
countss tend, if anything, to be lower in patients with higher viral loads, we 
suggestt that this correlation is driven by strong correlations between 
logioVbb and nklc. In other words, our model and data predict that the 
patientss who progress the fastest (i.e., have high viral loads), will have 
eitherr higher infection-rate parameters {k), higher rates of production of 
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virusess by productively infected T-cells (/r), or lower viral clearance rates 
(c). . 

1.200 j 

1.00---

0.80---

£ 0 . 6 0 ---

0.400 --

0.20---

0.00---
4.5 5 

+ + + + + + 
5.00 5.5 6.0 

'ogio b̂ b 

6.5 5 

Fig.. 3. Simulate d value s for 5 (death rate of productivel y infecte d CD4 
cells )) and logioVf c (free viru s at baseline ) obtaine d unde r the immun e 
contro ll  equation s presente d in the Discussion . Jo account for patient-to-
patientpatient variation the parameters K, k, Ti>, c, r, m, Sx, and Sv were taken to 
bebe uniformly distributed random numbers with n between 200 and 400, k 
betweenbetween 5x10'r' and 10'4, Tb between 50 and 100, c between 2 and 4, r 
betweenbetween 0.0004 and 0.0008, m between 0.001 and 0.002, Sx between 10' 
44 and 4x10'4, and <5v between 0.1 and 0.3 (see text for definitions). 

Althoughh the formula S = nkltJc indicates which parameters are likely to 
correlatee with S, it does not explain why 8 correlates with logioW To 
understandd this correlation, viral declines have to be studied using models 
thatt include dynamical equations for either target cells or immune 
responses.. In fact, a positive association between 5 and logioVb can be 
explainedd if we add to our model a simple equation for immune responses 
presentedd by Bonhoeffer et a/.[25] Their equation posits that, X, the intensity 
off the immune response against infected cells, changes according to the 
formulaa dX/dt = rT* - mX, where r and m are parameters governing the 
stimulationn and decline of immune responses, respectively. This type of 
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immunee response can be incorporated into our model by assuming that Ö 
==  + S\X, where <X and Öx are rate constants for viral and immune 
system-mediatedd killing of productively infected CD4* cells, respectively. 
Addingg these equations to our model (with M* set to zero for the sake of 
brevity),, the steady-state density of virus becomes Vb = mn[xkTb -
ö\c]/rÖxcö\c]/rÖxc22,, while the steady state rate of decline of productively infected 
cellss is ö = TikTblc (as described above). Examining these steady-state 
equations,, we see that differences among patients in n, k, lb, and c could 
alll contribute to a positive association between Vb and 5. Figure 3 shows 
thatt the resulting steady-state values for Vb and S can resemble the log-
linearr relationship seen in our experimental data given sufficient 
interpatientt variation in model parameters. We note that to be consistent 
withh our assumption that £ does not change appreciably over the first 2-3 
weekss of treatment, r and m must be small. 

Althoughh the S-\ogwVi, association can be explained using the simple 
immunee response term described above, this association is not a natural 
consequencee of all models. We propose that the ability of a model to 
predictt a S-\ogwVt> association is a criterion against which models (i.e., 
formall hypotheses) for HIV pathogenesis may be evaluated. 

Inn conclusion, our results point to the superiority of triple therapy relative 
too monotherapy with respect to bringing about a rapid reduction in viral 
replicationn during the first weeks of therapy. Mathematical models for viral 
turnoverr are the key to estimating virological and immunological 
parameters.. Minimal estimates for the time to eliminate virus from the 
productively-infectedd and long lived-infected cell compartments ranged 
fromm one to three years. Based on estimates in other studies,12123] the time 
too eliminate virus from latently infected cells may be considerably longer. 
Thee rate of loss of productively infected cells was highest in patients with 
thee highest viral load. The observation of a correlation between baseline 
HIV-11 RNA and infected cell turnover rates may provide insights into the 
factorss that regulate steady-state HIV-1 densities. 
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