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A recent experiment involving simian immunodeficiency virus (SIV) infection of macaques revealed that the
infectivity of this virus decreased over the first few months of infection. Based on this observation, we introduce
a viral dynamic model in which viral infectivity varies over time. The model is fit to viral load data from eight
(donor) monkeys infected by intravaginal inoculation of SIVmac251, three monkeys infected by intravenous
inoculation of virus isolated from the donors during the ramp-up phase of acute infection, and three monkeys
infected by intravenous inoculation of virus isolated at the viral set-point. Although we only analyze data from
14 monkeys, the new model with time-dependent infectivity seems to fit the data significantly better than a
widely used model with constant infectivity (P � 2.44 � 10�11). Our results indicate that plasma virus
infectivity on average decays �8-fold (95% confidence interval [CI] � 5.1 to 10.3) over the course of acute
infection, with the decay occurring exponentially with an average rate of 0.28 day�1 (95% CI � 0.14 to 0.42
day�1). The decay rate in set point plasma virus recipient animals is �16 times slower than in ramp-up plasma
virus recipient animals and �6 times slower than in donor animals. Throughout acute infection up to the
set-point, the infection rate is higher in ramp-up plasma virus recipient animals than in set-point plasma virus
recipient animals. These results show that the infectivity depends upon the source of viral infection.

During primary human immunodeficiency virus type 1
(HIV-1) infection, the number of virus particles in plasma
increases rapidly, reaches a peak, and then declines until it
reaches a set-point level (i.e., a quasi-steady state) (9, 43).
During the first 1 to 3 weeks of a typical HIV infection the viral
load remains below the limit of detection of conventional as-
says (12). This period, known as the eclipse phase, is followed
by a 2- to 4-week ramp-up period, during which rapid (expo-
nential) viral replication takes place, resulting in high plasma
viral RNA levels and significant depletion of CCR5� CD4� T
cells (12, 24, 31, 47).

A recent experiment indicates that the infectivity of SIV
changes over time during primary infection (26). Ma et al. (26)
infected macaques with SIV isolated either during ramp-up or
at set-point. They found that early-stage plasma containing 20
SIV RNA copies could successfully infect animals, while with
set-point plasma �1,500 SIV RNA copies were needed to
establish infection. As suggested by Ma et al. (26), the highly
infectious virus during the early phase compared to the chronic
phase could be due to (i) insufficient rounds of replication
during the early phase to produce enough noninfectious viral
genomes; (ii) coating of the set-point phase plasma virions with
antibodies that interfere with infectivity; and/or (iii) efficient
elimination during early-phase infection of less-infectious ge-
nomes. Preliminary data comparing the ratio of the 50% tissue
culture infectious dose (TCID50) with HIV RNA copy number
also suggests a decrease of virus infectivity over time during

primary infection in HIV-1-infected patients (David Monte-
fiori, Duke University School of Medicine, unpublished data).

Primary simian immunodeficiency virus (SIV)/HIV-1 infec-
tion has been studied both experimentally and via modeling (3,
6, 8, 13, 15, 25, 32, 33, 36, 37, 39, 44). However, none of the
within-host models in these studies has considered the time
variation of virus infectivity. The main objective of the present
study was to evaluate the effect of time-dependent virus infec-
tivity on SIV/HIV-1 dynamics (as observed in reference 26).

We introduce a viral dynamic model with a particular func-
tion describing the time-dependent infectivity. We fit the
model to viral load data obtained from eight monkeys infected
by intravaginal inoculation of SIVmac251 (the donor animals),
three monkeys infected by intravenous inoculation of ramp-up
plasma virus from the donor monkeys, and three monkeys
infected by intravenous inoculation of set-point plasma virus
from the donors (26) and then estimated key parameters. Our
model fits the data well, and the inclusion of a time-dependent
infectivity was found to be statistically significant for 8 of 11
animals analyzed.

MATERIALS AND METHODS

Experimental data. In an experiment to analyze the infectivity of plasma at
different time points after SIV infection (26), Ma et al. made pools of plasma
containing virus collected during the ramp-up stage or set-point stage of infec-
tion from eight rhesus macaques (the donor monkeys) infected intravaginally by
a cell-free stock of SIVmac251. They then used those two pools of plasma from
different stages of infection to titrate the amount needed for subsequent intra-
venous infection of naive rhesus macaques (for further details, see reference 26).
We model the kinetics of acute infection in these eight donor animals (25479,
25948, 29459, 29271, 27361, 29029, 26811, and 25908) and in six recipient animals
(35036, 33815, 34373, 33952, 34846, and 36068) from (26). Three of the latter
(35036, 33815, and 36068) were infected by intravenous inoculation of ramp-up
plasma, while the other three (34373, 33952, and 34846) were infected by intra-
venous inoculation of set-point plasma. The median peak viral load was 7.5 (7.0
to 8.6) log10 viral RNA (vRNA) copies/ml in the donor animals and 7.9 (7.4 to
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8.4) log10 vRNA copies/ml in the recipient animals. The set-point level to which
the viral load declines after the peak varied widely among animals from 3.6 to 7.5
log10 vRNA copies/ml.

Viral dynamics model. The model developed in the present study generalizes
the basic model of viral infection by incorporating time-dependent virus infec-
tivity. The basic model, which consists of target cells (CD4� T cells), T, produc-
tively infected CD4� T cells, T*, and free virus, V, has been widely used to
describe the virus dynamics of SIV/HIV-1 primary infection (25, 33, 35, 36, 44).
This basic model has been extended by incorporating an immune response, time
delays and different classes of target cells (2, 8, 10, 32, 34). However, none of
these previous models has included the effect of a time-dependent infection rate.
The model we study is

dT
dt

� � � dT � ��t�TV, T�0� � T0

dT*
dt

� ��t�TV � �T*, T*�0� � T0*

dV
dt

� pT* � cV, V�0� � V0

(1)

where

��t� � �� � ��0 � ���e	kt (2)

We assume that target cells are generated at a constant rate �, have a per capita
net loss rate d, which is the difference between loss from cell death and gain due
to cell division, and become infected at a rate proportional to the product of
target cell density and virus concentration with a time-dependent rate �(t). The
parameters �, p, and c are the rate constants of infected cell loss, virus production
by infected cells, and virus clearance, respectively.

Based on the experimental data in Ma et al. (26), we assume that the rate of
virus infection �(t) decays over time. The data are not sufficient to determine the
exact form of �(t). Here we assume a simple exponential decay in infectivity over
time from the initial rate �0 to the final set-point rate �� with a decay rate k, as
shown in Fig. 1. We shall show this exponential form provides a good fit to the
available data and is convenient to study the properties related to viral dynamics
during primary infection. We note that when k 
 0, �(t) is constant and equal to
�0, and thus we recover the basic model of virus dynamics.

Data fits and parameter estimation. We fitted the model, equation 1, to
experimental data, assuming both constant and time-varying infectivity.

Stafford et al. (44) showed that for the model given by equation 1, one can only
estimate the product pT0 of the viral production rate, p, and the initial number
of target cells, T0, and not the individual quantities. Therefore, we estimate only
one of them, in this case T0. We fix p based on the work of Chen et al. (7), who
estimated the SIV burst size in vivo in rhesus macaques as approximately 5 � 104

virions per infected cell. Because productively infected cells live about 1 day (29),
we assume the viral production rate p 
 5 � 104 virions per day per infected cell.
Assuming CD4� T cells were at equilibrium before infection, we set � 
 dT0,
where T0 is the initial number of target cells. Since the animals had not been
previously infected by SIV, we set T0* 
 0. Recent estimates show that the virion
clearance rate constant during chronic infection in human varies between 9.1 and
36.0 day	1, with an average of 23 day	1 (41). Moreover, results in acute infection
of rhesus macaques indicate that SIV clearance from plasma is at least as fast
(49). Thus, we take c 
 23 day	1 as a minimal estimate, although other values
could also be considered.

In the experiment by Ma et al. (26), 20 vRNA copies of ramp-up plasma were
injected i.v. into recipient animals. A 70-kg man has about 15 liters of extracel-
lular body water. The average weight of a macaque is �10-fold less, which
provides �1,500 ml of extracellular body water in a macaque. Similarly, the
plasma volume of a 7 kg macaque is ca. 10% of that of a 70 kg human, i.e., �300
ml. Thus, upon injection the initial plasma viral load is 20 vRNA copies per 300

ml or 20 vRNA copies per 1,500 ml depending upon whether the virus distributes
throughout only the plasma or the total extracellular body water before initiating
infection. Studying both cases, we found that a change of V0 from 20/300 vRNA
per ml to 20/1,500 vRNA per ml did not produce any significant change in
estimated parameters. Therefore, we assume the injected virus distributes in the
plasma, and we present the results with V0 
 20/300 vRNA per ml. To infect
set-point plasma recipient animals, 1,500 vRNA copies were injected i.v. Thus,
we take V0 
 1,500/300 vRNA copies per ml for set-point plasma recipient
animals. The donor animals were exposed to SIVmac251 by intravaginal inocu-
lation. The exact number of vRNA copies that penetrated the vaginal mucosa
and initiated infection is not known. However, a similar experiment (19) showed
that in four of six animals infected intrarectally with SIVmac251 only a single
virus variant initiated observable infection. Based on this information, we set
V0 
 1/300 vRNA copies per ml for donor animals. Recognizing that the initial
infecting virus does not simply dilute into plasma, we have also studied the
sensitivity of parameter estimates on V0 by taking V0 10- and 100-fold higher in
the donor animals. Since one virion contains two vRNA copies, one might want
to set V0 
 2/300 copies/ml, but since two vRNAs in our model can infect two
cells, we felt it more realistic to use V0 
 1/300. Moreover, we found that V0 

1/300 or 2/300 does not make any significant difference in the estimated param-
eters.

By keeping p, c, and V0 fixed in each fit, we need to estimate six parameters �0,
��, k, �, d, and T0 from the data of each of eight donor animals, three ramp-up
plasma recipients, and three set-point plasma recipients. For both models (our
model with time-dependent infectivity and the model with constant infectivity),
we solved the system of ordinary differential equations (ODEs) numerically using
a fourth-order Runge-Kutta in Berkeley Madonna (27). Using Madonna’s “curve
fitter” option, we obtain a set of initial parameter estimates. The curve fitting
method uses nonlinear least-squares regression that minimizes the following sum
of the squared residuals:

J��0, ��, k, �, d, T0� �
1
N�

i 
 1

N

�logV�ti� � log
�
V�ti�


2 (3)

Here, V and V� are virus concentrations predicted by the model and those given
by the experimental data, respectively. N is the total number of data points
considered for fitting.

Using the set of parameters obtained from Madonna as initial guesses, we
further fitted the data by using a more sophisticated subroutine, DNLS1, from
the Common Los Alamos Software Library, which is based on a finite-difference,
Levenberg-Marquardt algorithm for solving nonlinear least square problems and
a more sophisticated ODE solver that uses an implicit Adam’s method or, if the
equations are stiff, Gear’s method. For animal 34846, since only four data points
are available, we fixed � and d as obtained from Madonna’s fit and estimated the
remaining four parameters. Finally, for each best fit parameter estimate, we
provide a 95% confidence interval (CI), which was computed from 500 bootstrap
replicates (11).

Sensitivity analysis. For donor animals, viral RNA copies at the time of
infection, V0, were not known. To study the sensitivity of estimated parameters
to the choice of V0, we increased V0 by 10-fold, making it 10/300 ml, and 100-fold,
making it 100/300 ml, and in each case estimated all six remaining parameters for
each of the eight donor animals.

Statistical analysis. To evaluate the statistical significance of the fits obtained
with our model, with varying infectivity, versus those obtained with constant
infectivity, we performed an F test (4). Our model and the simple model can be
taken as nested models; when k and ��, the additional parameters in our model,
are zero, we recover the simpler model. In fact, regardless of ��, when k 
 0 in
our model, we recover the model with constant infectivity. However, as we varied
both parameters k and �� in our fitting, we penalized our model by two extra
parameters to obtain a more conservative comparison. As in reference 4, we
calculate the F-ratio 
 se

2/sf
2. Where se

2 is the difference between the residual
mean square (RSS) of the two models divided by the number of additional
parameters (i.e., two in our case). And sf

2 is calculated by dividing the RSS of the
varying-infectivity model by the difference between the number of data points
and the number of free parameters. We then compare the ratio with an F
distribution with the appropriate degrees of freedom. In addition to testing the
new model for each macaque, we also tested whether it is better overall by
summing the individual RSS and degrees of freedom for each animal and per-
forming an F test based on this. Thus, we obtained a global P value for the
improvement of the fit afforded by the model with time-varying infectivity.

FIG. 1. Time-dependent infection rate �.

VOL. 84, 2010 TIME-DEPENDENT SIV INFECTIVITY 4303

 on July 14, 2017 by guest
http://jvi.asm

.org/
D

ow
nloaded from

 

http://jvi.asm.org/


RESULTS

Model-fit to the data. Estimated parameters along with their
mean, median, and 95% confidence intervals are summarized
in Tables 1 and 2 using the time-dependent infectivity model
and the constant infectivity model, respectively. Using these
estimated parameters, we plotted the viral load dynamics pre-
dicted by the models along with the data for each of the eight
donor animals and the six recipient animals in Fig. 2 and 3,
respectively. The predictions of our time-varying infectivity
model (solid curve) agree well with the data (dot). Although
the model with constant infectivity can also give reasonable fits
(dashed curve), the dynamics predicted by the two models are
quite different, particularly at early times. The model with
time-dependent infectivity provides better fits to the data as
indicated in Fig. 2 and 3 and as determined by the sum of
squared residuals (SSR) given in Tables 1 and 2.

To evaluate the statistical significance of using a time-de-
pendent infection rate rather than a constant infection rate, we
performed an F-test (4) for seven donor animals (25479, 25948,
29271, 27361, 29029, 26811, and 25908), all three ramp-up
plasma recipient animals, and one set-point plasma recipient
animal (animal 33952). We did not consider donor animal
29459 and set-point plasma recipient animals 34373 and 34846
due to the lack of sufficient data to perform this test. We found
that our model is statistically significant for 8 out of 11 cases
(animals 25479, 25948, 27361, 29029, 26811, 35036, 33815, and
33952). For the remaining three animals (29271, 25908, and

36068) even though the SSR is less in our model, the improve-
ment is not statistically significant (Tables 1 and 2). We also
calculated a global P value (see Materials and Methods) com-
paring the fits of the two models for the entire set of 14
animals. We found P 
 2.44 � 10	11, which indicates that the
model with time-dependent infectivity is better overall.

Initial and set-point infectivity. The average initial and set-
point viral infection rates were estimated to be �0 
 5.3 (95%
CI 
 3.3 to 7.2; median, 4.5) � 10	8 ml RNA	1 day	1 and
�� 
 1.1 (95% CI 
 0.53 to 1.6; median, 0.81) � 10	8 ml
RNA	1 day	1, respectively. This shows that set-point plasma
virus is less infectious than ramp-up plasma virus, supporting
the experimental finding in Ma et al. (26). Calculating the ratio
of �0 to ��, we found that the ramp-up plasma virus has an
infection rate that is 7.7 (95% CI 
 5.1 to 10.3; median, 7.8)
times greater than the set-point plasma virus. The model with
constant infectivity provides an average infection rate of �� 

4.8 (95% CI 
 2.6 to 7.0; median, 3.5) � 10	8 ml RNA	1

day	1 (Table 2), which is slightly less than the initial infection
rate in the varying-infectivity model but almost five times
higher than the set-point infection rate.

Time-dependent infection rate. The infection rate, �(t), de-
cays from the initial infection rate to the set-point infection
rate. Assuming that the decay is exponential, we found that the
rate of decay in virus infectivity ranges from k 
 0.03 day	1

(animal 33952) to k 
 0.75 day	1 (animal 33815) with an
average k 
 0.28 (95% CI 
 0.14 to 0.42; median, 0.16) day	1.

TABLE 1. Time-dependent infectivity model: estimated parameter valuesa

Animal groupb T0 (cells/�l)
� (10	8 ml/RNA/day)

�0/��
�0 ��

Group 1
25479 119.5 (71.7–551.2) 2.13 (0.33–3.99) 0.17 (0.004–0.48) 12.5
25948 20.4 (15.8–40.2) 13.27 (6.59–16.37) 1.41 (0.89–1.99) 9.4
29459 106.1 (97.0–118.1) 1.87 (1.66–2.57) 0.86 (0.48–1.13) 2.2
29271 100.5 (72.0–171.8) 2.44 (1.23–4.03) 0.17 (0.10–1.01) 14.3
27361 36.4 (27.7–43.0) 11.97 (10.59–14.77) 0.68 (0.54–0.87) 17.6
29029 64.7 (42.3–111.0) 4.28 (2.57–6.58) 0.43 (0.31–0.71) 9.9
26811 31.4 (10.8–129.1) 8.15 (1.61–24.7) 1.81 (0.51–4.09) 4.5
25908 38.0 (26.5–57.9) 5.22 (3.34–7.76) 0.76 (0.42–1.03) 6.9
Mean 64.6 6.17 0.79 9.7
Median 51.3 4.75 0.72 9.7

Group 2
35036 79.8 (64.1–149.4) 4.65 (2.62–6.50) 0.94 (0.50–1.09) 4.9
33815 38.9 (30.3–49.1) 5.90 (3.43–6.75) 2.40 (1.70–2.85) 2.4
36068 25.7 (5.2–29.7) 6.54 (1.48–18.55) 3.84 (3.06–21.86) 1.7
Mean 48.1 6.0 2.39 3.0
Median 38.9 5.9 2.40 2.4

Group 3
34373 62.0 (31.4–156.2) 2.10 (0.72–2.93) 0.20 (0.10–23.8) 10.5
33952 66.6 (57.0–78.1) 2.00 (1.74–2.33) 0.23 (0.06–0.31) 8.7
34846 31.2 (31.2–31.2) 3.20 (3.20–3.20) 1.16 (1.16–1.16) 2.7
Mean 53.3 2.4 0.53 7.3
Median 62.0 2.1 0.23 8.7

Overall mean 58.7 (41.7–75.6) 5.3 (3.34–7.18) 1.08 (0.53–1.61) 7.7 (5.1–10.3)
Overall median 50.4 4.47 0.81 7.8

a Estimated parameter values T0, �0, ��, k, �, d, time Th to reach the mid-value (�0 � ��)/2, sum of squared residuals (SSR), and the P value of the F-test for
the eight donor animals, three ramp-up plasma recipient animals, and three set-point plasma recipient animals. Numbers in parentheses indicate the 95% CI.

b Group 1, donor animals, intravaginally infected; V0 
 1 RNA copy per 300 ml; group 2, ramp-up plasma recipient animals, i.v. infected; V0 
 20 RNA copies per
300 ml; group 3, set-point plasma recipient animals, i.v. infected; V0 
 1,500 RNA copies per 300 ml.
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Also, the average time, Th, to reduce virus infectivity to its
mid-value, (�0 ���)/2, given by ln(2)/k, is 6.4 (95% CI 
 3.0 to
9.8; median, 4.3) days (Table 1).

In Fig. 4 we show the change of infection rate �(t) over time
for all animals (black), donor animals (red), ramp-up plasma
recipient animals (blue), and set-point plasma recipient ani-
mals (green). The corresponding horizontal dashed lines indi-
cate the constant infection rate estimated using the model with
constant infectivity. One can clearly see that for each group of
animals, the time-dependent infection rate is very different
from the constant infection rate predicted by the model with
constant infectivity.

Comparison of ramp-up and set-point plasma recipient an-
imals. The key parameters related to the time-dependent in-
fectivity are the initial infection rate (�0), the set-point infec-
tion rate (��), and the exponential decay rate (k) of the
infection rate. All of these parameters are higher in ramp-up
plasma recipient animals than in set-point plasma recipient ani-
mals. The higher initial infection rate in ramp-up plasma recipient
animals (6.0 � 10	8 ml RNA	1 day	1) compared to the set-point
plasma recipient animals (2.4 � 10	8 ml RNA	1 day	1) shows
that ramp-up plasma virus is more infectious than set-point
plasma virus as suggested by the experiments (26).

Interestingly, the ramp-up plasma virus has a higher infec-
tivity from the time of challenge to the set-point stage (Fig. 4).
The infection rate decays much more rapidly in ramp-up
plasma recipient animals (k 
 0.66 day	1), taking just 1.1 day
to reach the mid-value (�0 ���)/2, than in set-point plasma
recipient animals (0.04 day	1), taking 16.9 days to reach the
mid-value. However, the infectivity in the set-point plasma

recipients continues to decay for much longer, such that the
ratio of �0 to �� is larger in set-point plasma recipient animals
(�7) than in ramp-up plasma recipient animals (�3).

Cell death rate. The average value of the estimated infected
cell loss rate � is 0.34 (95% CI 
 0.27 to 0.40; median, 0.33)
day	1. This value is consistent with the slow decay of SIV RNA
from its peak observed in most animals (Fig. 2 and 3). We note
that some other studies of primary infection have inferred
higher mean values of � (7, 33), although different virus strains
and/or monkey species were used. Moreover, Nowak et al. (33)
observed a large variation in the decay rates, encompassing, at
the lower end, the values we estimate. Here we found d 

0.026 (95% CI 
 0.017 to 0.035) day	1, which is only slightly
larger than the value estimated for humans (44).

Sensitivity analysis. Due to lack of information about the
actual number of virions that initiate infection when virus is
introduced intravaginally, we fit the viral load data in donor
animals first assuming V0 
 1/300 virions/ml and then by taking
V0 as 10- and 100-fold higher. With an increased V0, we ob-
tained lower estimates of T0, �0, k, and higher estimates of ��,
whereas estimates of � and d were not as sensitive to changes
in V0. For example, when V0 is increased by 10-fold, the esti-
mates of all parameters changed by less than 10% on average
(Tables 3 and 4).

DISCUSSION

Prior models of acute HIV/SIV infection have assumed that
the rate of target cell infection, �, is constant (33, 36, 44). The
finding by Ma et al. (26) that plasma virus collected during

TABLE 1—Continued

k (1/day) � (1/day) d (1/day) Th (days) SSR P (F-test)

0.13 (0.03–0.62) 0.17 (0.09–0.56) 0.056 (0.021–0.297) 5.3 0.029 0.0113
0.16 (0.09–0.24) 0.56 (0.38–0.87) 0.047 (0.017–0.081) 4.3 0.031 0.0171
0.16 (0.09–0.45) 0.34 (0.31–0.41) 0.031 (0.025–0.051) 4.3 0.002
0.12 (0.05–0.23) 0.27 (0.21–0.45) 0.017 (0.002–0.066) 5.8 0.005 0.0761
0.34 (0.27–0.44) 0.45 (0.35–0.55) 0.030 (0.019–0.079) 2.0 0.019 0.0071
0.20 (0.19–0.23) 0.41 (0.29–0.58) 0.054 (0.031–0.073) 3.5 0.0008 �0.0001
0.72 (0.16–1.84) 0.32 (0.15–0.87) 0.014 (0.004–0.032) 1.0 0.239 0.0439
0.07 (0.04–0.11) 0.61 (0.58–0.68) 0.047 (0.034–0.077) 9.9 0.024 0.1279

0.24 0.39 0.037 4.5
0.16 0.37 0.039 4.3

0.55 (0.35–1.24) 0.26 (0.23–0.30) 0.004 (0.003–0.006) 1.3 0.116 0.0029
0.75 (0.10–0.89) 0.20 (0.16–0.24) 0.009 (0.006–0.012) 0.9 0.033 0.0025
0.67 (0.20–1.11) 0.28 (0.21–0.39) 0.003 (0.001–0.005) 1.0 0.0724 �0.2

0.66 0.25 0.005 1.1
0.67 0.26 0.004 1.0

0.05 (0.001–0.86) 0.16 (0.06–0.72) 0.018 (0.001–0.13) 13.9 0.064
0.03 (0.02–0.04) 0.35 (0.32–0.40) 0.019 (0.015–0.025) 23.1 0.010 0.021
0.05 (0.05–0.05) 0.34 0.020 13.9 0.025

0.04 0.28 0.019 16.9
0.05 0.34 0.018 13.9

0.29 (0.14–0.42) 0.34 (0.27–0.40) 0.026 (0.017–0.035) 6.4 (3.0–9.8)
0.16 0.33 0.020 4.3
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early infection has a greater ability to infect macaques com-
pared to plasma virus collected in later stages suggests a tem-
poral variation of virus infectivity. Moreover, preliminary data
from HIV-1-infected patients comparing the ratio of 50% tis-
sue culture infectious dose (TCID50) with HIV RNA copy
number has also suggested a decay of virus infectivity over time
during primary infection (David Montefiori, unpublished
data). These observations suggest that incorporating time-de-
pendent infectivity into viral dynamics models might give rise
to more realistic models and better parameter estimates and
model predictions.

We thus introduced a viral dynamic model in which the rate
of viral infection of CD4� T cells varies over time. The infec-
tion rate in our model decays exponentially from an initial high
infectious level to a lower infectious level at set-point. We note
that only limited data on primary infection exist and so there
could be other forms of time-dependent infectivity, which can
reasonably explain the data. Also, virus infectivity could con-
tinue to change after the set-point is reached. More data and
more extensive studies are needed to provide a more accurate
functional form mimicking the time dependency of virus infec-
tivity during primary SIV/HIV-1 infection. However, we find
that the model using infectivity in the form of exponential
decay can explain the data reasonably and serves well to study
the effect of time-dependent infectivity on viral dynamics. In-
clusion of the temporal variation of virus infectivity made the
model more closely mimic the measured viral dynamics since it
gave rise to statistically significant better fits to the viral load
data in more than 70% of the SIV-infected animals analyzed.

Although our model assumes that virus loses infectivity with
time, there are other mechanistic explanations that might also
be consistent with the viral load data. In the basic viral dynamic
model it is very difficult to separate out the effects of a change
in the infection rate, �, from a change in the infected cell virion
production rate, p. For example, if � is decreased fewer cells
are infected per unit time. However, the effect on viral kinetics
can be mimicked by having � remain constant but having each
infected cell produce less virus. As suggested by the work of
Levy and others, CD8� T cells may secrete factors that reduce
viral replication by infected cells (17, 23, 28), effectively reduc-
ing p. However, since these factors act on infected CD4� T
cells, it seems unlikely that enough factors would be trans-
ferred in the experiments by Ma et al. (26) to explain the
change in infectivity between ramp-up and set-point plasma.
Cytolytic T-cell responses could also influence early viral ki-
netics as suggested by the rapidity at which viral escape vari-
ants are found (14, 40). However, viral escape should look like
an increase in infectivity not a decrease. Clearly, antibody or
other plasma factors could bind to virions and affect their
infectivity, as already suggested (26).

Ma et al. (26) found that a 1-ml aliquot of diluted ramp-up
plasma containing 2 vRNA copies could not infect naive ma-
caques but that the same plasma diluted to 20 vRNA copies led
to the infection of the three macaques tested. On the other
hand, the set-point plasma diluted to 150 vRNA did not infect
any of the three macaques tested, but a dilution to 1,500 vRNA
successfully infected all three animals; 1,500 vRNA copies per
ml was thus taken as a threshold for successful infection and

TABLE 2. Constant infectivity model: estimated parameter valuesa

Animal groupb T0 (cells/�l) �� (10	8 ml/RNA/day) � (1/day) d (1/day) SSR

Group 1
25479 131.4 (65.7–557.7) 1.18 (0.32–2.62) 0.19 (0.05–0.43) 0.03 (0.007–0.08) 0.176
25948 14.9 (5.4–37.3) 9.80 (4.35–28.67) 0.25 (0.21–0.33) 0.002 (0.001–0.003) 0.159
29459 139.1 (119.6–169.5) 1.10 (0.93–1.29) 0.35 (0.30–0.36) 0.018 (0.018–0.022) 0.030
29271 101.2 (77.5–138.3) 1.62 (1.24–2.17) 0.20 (0.19–0.22) 0.001 (0.001–0.002) 0.028
27361 10.5 (6.6–14.4) 15.63 (11.33–23.77) 0.12 (0.11–0.14) 0.002 (0.001–0.003) 0.099
29029 43.1 (32.0–63.2) 3.61 (2.49–4.73) 0.18 (0.15–0.24) 0.009 (0.007–0.015) 0.022
26811 21.3 (11.1–45.2) 4.24 (1.60–6.20) 0.20 (0.09–0.29) 0.008 (0.003–0.029) 1.141
25908 14.1 (7.6–28.0) 9.81 (5.1–17.7) 0.21 (0.15–0.26) 0.003 (0.002–0.004) 0.095
Mean 59.4 5.87 0.21 0.009
Median 32.2 3.92 0.20 0.005

Group 2
35036 88.9 (29.1–846.7) 2.12 (0.19–5.43) 0.22 (0.13–0.33) 0.002 (0.001–0.003) 0.497
33815 40.3 (19.7–88.4) 3.29 (1.37–6.03) 0.19 (0.11–0.29) 0.009 (0.004–0.014) 0.185
36068 24.2 (2.6–53.8) 4.95 (2.04–41.80) 0.27 (0.18–0.41) 0.002 (0.001–0.004) 0.163
Mean 51.1 3.45 0.23 0.004
Median 40.3 3.29 0.22 0.002

Group 3
34373 64.8 (26.4–264.6) 1.96 (0.62–4.05) 0.30 (0.06–1.47) 0.061 (0.001–0.21) 0.095
33952 37.2 (17.4–80.0) 3.45 (1.50–6.63) 0.25 (0.17–0.41) 0.007 (0.003–0.011) 0.134
34846 19.5 (19.5–19.5) 4.47 (4.47–4.47) 0.23 (0.23–0.23) 0.007 (0.007–0.007) 0.047
Mean 40.5 3.29 0.26 0.025
Median 37.2 3.45 0.25 0.007

Overall mean 53.6 (30.39–76.8) 4.80 (2.62–6.98) 0.23 (0.20–0.25) 0.011 (0.003–0.020)
Overall median 38.7 3.53 0.22 0.007

a The estimated parameter values T0, �� (constant infection rate), �, d, and sum of squared residuals (SSR) for the eight donor animals, three ramp-up plasma recipient
animals, and three set-point plasma recipient animals are indicated (26). Numbers in parentheses indicate the 95% CI.

b See Table 1, footnote b.
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information about set-point plasma between 150 and 1,500
copies per ml is not available. According to our model esti-
mates, the initial infection rate, �0, is higher in ramp-up plasma
recipient animals than in set-point plasma recipients in agree-
ment with the findings that ramp-up plasma is more infectious
than set-point plasma (26). The fact that 20 vRNA copies from
ramp-up plasma could initiate infection is surprising given that
prior studies have found that fewer than 0.1% of virions in
plasma or culture media are infectious (5, 22, 30, 42). How-
ever, a recent study (38) found that rapid dissociation of HIV-1

from cultured cells severely limits infectivity assays and masks
the inherent high infectivity of virions.

By fitting our model to viral kinetic data we are estimating
the infection rate � and not the number of infectious viruses in

FIG. 2. Fitted viral dynamics curves using the two models (solid
line, model with time-varying infectivity; dashed line, model with con-
stant infectivity) to the observed viral load data (F) for the eight donor
animals in reference 26. Note how the fits with the varying infectivity
model are systematically better, especially during the early part of viral
growth, when the infectivity is varying faster.

FIG. 3. Viral dynamics model curves using estimated parameters
(solid line, model with time-varying infectivity; dashed line, model with
constant infectivity) and observed viral load data (F) for three
ramp-up plasma recipient animals (a) and three set-point plasma re-
cipient animals in reference 26 (b).

FIG. 4. Average time-varying infection rate �(t) for donor animals
(red), ramp-up plasma recipient animals (blue), set-point plasma re-
cipient animals (green), and overall animals (black). Horizontal
dashed lines represent the constant infection rate estimated by using
model with constant infectivity.
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an inoculum. We recognize that the probability of infection is
not the same as the infectivity of free virus, and thus a direct
comparison of the ratio of infectivities in ramp-up and set-
point plasma from our model with the experimental results on
the inoculum size needed for infection is not possible. Still,
with small inocula, the probability of infection could be de-
scribed by a stochastic model. In such a model the probability
that a virion infects a cell before being cleared will play a role
and thus the infectivity rate of a virion, �, can be tied to the
probability of infection (46; J. E. Pearson, P. Krapivsky, and
A. S. Perelson, unpublished result).

Assuming that the infection rate of CD4� T cells by SIV, �,
decreases over the course of infection, as suggested by our
modeling and data fitting, we made a number of interesting
observations. First, we found that the estimated �0 in the
donor animals, which characterizes viral growth during their
ramp-up phase, is similar to the estimated �0 in the recipients
of ramp-up plasma. Second, we found that the rate of decrease
in infectivity varies between different groups of animals show-
ing that this decay depends on the source of virus. The decay
rate of infectivity was much slower in set-point plasma recipi-
ent animals (0.04 day	1) than in ramp-up plasma recipients
(0.66 day	1). Even though the decay of infectivity is very slow
in set-point plasma recipients, we still observe decay, suggest-
ing that decay can occur past set-point. Our estimate of �� in
the ramp-up recipients is much higher than in the other two
groups, donors and set-point recipients, for which �� is similar
(Table 1 and Fig. 4). Why this is the case is unknown but will
likely need further experiments, for example, using the set-point
plasma of ramp-up recipients to infect naive macaques and ana-
lyze the decay of infectivity in these. It may be that decay contin-
ues to occur past set-point and hence �� was underestimated in
the experiments using ramp-up plasma. In support of this, we
note the ramp-up recipients were only monitored for 12 weeks,
whereas the donor animals were monitored for 17 weeks, at which
point the set-point plasma was collected. It may also be that the
decay of infectivity is not a simple exponential and that to describe
decay at longer times a more complex function is needed.

Although our model cannot conclusively address the mech-
anistic causes of the decay in infectivity, it is still interesting to
speculate on what we can learn from these results about the
potential explanations for the difference in infectivity of the
virus at different stages of infection. Note that the infectivity of
virus from donors at set-point (�� 
 0.8 � 10	8 ml RNA	1

day	1) increases to �0 
 2.4 � 10	8 ml RNA	1 day	1 in the
recipients of this plasma. This may indicate that some process
of elimination of less-infectious virus is occurring during the
early stages of infection. Due to the rapid expansion of virus
during ramp-up, low infectivity and hence slow-growing virus
may simply get diluted out of the viral quasi-species. That is,
the higher infectivity observed during the acute phase of in-
fection may reflect the return of the virus population to opti-
mal fitness, prior to the onset of immune selection, in a new
host genetic background. Another possible explanation is that
a plasma factor, such as antibody, is present in the set-point
plasma and bound to this virus when in the donor animal.
When the virus is transferred into a recipient animal and some
virus in the inoculum successfully infects the recipient, new
virus is made, which may be identical to that which infected the
animal but which appears to be more infectious since there is
no or little anti-SIV antibody or other antiviral factor present
yet in the recipient animal. Hence, the �0 in the recipients
would be higher than the �� in the donor. By the time set-point
is reached antiviral plasma factors could be present, driven by
the engagement of the immune response, and the value of
infectivity may be similar in donors and set-point plasma re-
cipients. Depending on the animal, the generation of these
factors could continue, and infectivity could continue to de-
crease.

Similar observations of time-dependent virus infectivity have
also been reported in hepatitis C virus (HCV) and hepatitis B
virus (HBV) infections (1, 16, 18, 20, 45). The basis of the
decline in infectivity for these viruses also still remains to be
explained. However, as we show here, mathematical modeling
can quantify these effects and may help in reaching an under-
standing of these early events in infection.

Even if we do not understand the molecular and cellular
basis for decreases in infectivity of viruses during the course
of infection, the fact that virus may be more infectious
during acute infection than in later stages can have pro-
found implications for the epidemiology of these infections.
Already, individuals with acute HIV infection have been
considered to be significant spreaders of infection due to the
high viral loads attained during this period (21, 37, 48). If
the infectivity of the virus is also increased during acute

TABLE 4. Percent change in estimated parameters due to 10- and
100-fold increases in the initial viral load V0 for the fits in Table 3

Parameter
% Change in V0 (range) due to:

10-fold increase in V0 100-fold increase in V0

T0 –7.5 (	3.9 to 	11.0) –14.8 (	7.4 to 	30.8)
�0 –8.3 (	2.5 to 	13.5) –20.2 (	15.3 to 	33.1)
�� �4.9 (0.0 to 	11.8) �12.4 (�5.0 to �32.6)
k –9.7 (	6.3 to 	14.3) –24.7 (	14.7 to 	43.8)
� –2.2 (	11.8 to �3.7) –5.5 (	24.4 to �5.9)
d �4.7 (	4.3 to �16.7) �4.6 (	14.8 to �25.8)

TABLE 3. Estimated T0, �0, ��, k, �, and d parameter valuesa

Animal
V0 (RNA

copies/
300 ml)

T0
(cells/�l)

� (10	8 ml/
RNA/day) k

(1/day)
�

(1/day)
d

(1/day)
�0 ��

25479 10 109.8 2.08 0.17 0.12 0.15 0.055
100 98.8 1.90 0.18 0.11 0.15 0.055

25948 10 19.6 12.27 1.46 0.15 0.55 0.046
100 18.9 10.57 1.48 0.13 0.53 0.045

29459 10 98.3 1.72 0.89 0.14 0.35 0.036
100 96.6 1.43 0.93 0.09 0.36 0.039

29271 10 91.5 2.38 0.19 0.11 0.28 0.018
100 88.5 2.00 0.21 0.10 0.28 0.018

27361 10 32.4 11.1 0.72 0.31 0.43 0.035
100 29.4 10.1 0.75 0.29 0.41 0.036

29029 10 59.2 3.86 0.47 0.18 0.39 0.054
100 44.8 3.51 0.57 0.12 0.31 0.046

26811 10 29.2 7.05 1.88 0.65 0.31 0.015
100 26.6 5.45 1.92 0.58 0.30 0.016

25908 10 36.2 4.82 0.77 0.06 0.62 0.045
100 35.2 4.42 0.82 0.05 0.63 0.043

a Shown are values for the eight donor animals in reference 26 for V0 
 10 and
100 RNA copies/300 ml.
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infection, compared to chronic infection, then there could
be a double-whammy effect where both more virus and more
infectious virus contribute to the spread of HIV by acutely
infected individuals. This may not have been fully appreci-
ated before.
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