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UPMC Université Paris 06, UMR-S 707, Paris F-75012, France1; Inserm, UMR-S 707, Paris F-75012, France2; and
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Influenza virus kinetics (VK) is used as a surrogate of infectiousness, while the natural history of influenza
is described by symptom dynamics (SD). We used an original virus kinetics/symptom dynamics (VKSD) model
to characterize human influenza virus infection and illness, based on a population approach. We combined
structural equations and a statistical model to describe intra- and interindividual variability. The structural
equations described influenza based on the target epithelial cells, the virus, the innate host response, and
systemic symptoms. The model was fitted to individual VK and SD data obtained from 44 volunteers experi-
mentally challenged with influenza A/H1N1 virus. Infection and illness parameters were calculated from
best-fitted model estimates. We predicted that the cytokine level and NK cell activity would peak at days 2.2
and 4.2 after inoculation, respectively. Infectiousness, measured as the area under the VK curve above a viral
titer threshold, lasted between 7.0 and 1.3 days and was 15 times lower in participants without systemic
symptoms than in those with systemic symptoms (P < 0.001). The latent period, defined as the time between
inoculation and infectiousness, varied from 0.7 to 1.9 days. The incubation period, defined as the time from
inoculation to first symptoms, varied from 1.0 to 2.4 days. Our approach extends previous work by including
the innate response and providing realistic estimates of infection and illness parameters, taking into account
the strong interindividual variability. This approach could help to optimize studies of influenza VK and SD and
to predict the effect of antivirals on infectiousness and symptoms.

Viral shedding kinetics and symptom dynamics (SD) are
often used to describe the natural course of infections. In
influenza virus infection, virus kinetics (VK) is used as a sur-
rogate for infectiousness, and parameters such as the latent
period, the duration of infectiousness, and the generation time
can be deduced directly from viral shedding data (13). The
standard influenza virus kinetic pattern includes rapid expo-
nential growth, peak viral load occurring 2 to 3 days after
infection, and a decline toward virus undetectability over the
following 3 days (5, 8, 10).

This kinetic pattern results from interactions between the
virus, host target cells, and the immune system. During the first
days of infection, the innate immune response, mediated by
cytokines and natural killer (NK) cells, provides nonspecific
defenses pending activation of adaptive responses (16). Cyto-
kines have a protective role, but their levels also correlate with
systemic symptom dynamics. In particular, interleukin 6 (IL-6)
and alpha interferon (IFN-�) levels in nasal washing fluid are
causally linked to viral titers, body temperature, mucus pro-
duction, and symptom scores (20).

Nonlinear models have previously been used to characterize
the kinetics of agents causing chronic infections, such as HIV
(29), hepatitis B virus (28), and hepatitis C virus (27), and have
proved useful both for explaining sustained replication and for
studying the effect of antiviral drugs. Few nonlinear models of
influenza have been published (4, 6, 17–19, 21, 24, 26, 31), and

only one used actual human data (3). The latter model was
fitted to viral shedding data from six experimentally challenged
subjects and was based on compartments describing target
epithelial cells (infected or uninfected), the virus titer, and the
interferon response.

We extended this model and used an original virus kinetics/
symptom dynamics (VKSD) “population” approach to esti-
mate infection parameters and to characterize the overall pat-
tern and variability of influenza virus infection and illness. Our
approach fits VK and SD simultaneously, using predicted (un-
observed) cytokine and NK cell effects.

Data came from the experimental influenza virus infection
of healthy volunteers who showed substantial variability in viral
shedding and symptoms, with some individuals remaining
asymptomatic (32). In the “population” approach, widely em-
ployed in pharmacokinetic/pharmacodynamic studies, the data
are modeled with structural equations and a statistical model
to capture the full intra- and interindividual variability of virus
kinetics and symptoms.

MATERIALS AND METHODS

Design. We used data from five randomized, double-blind, placebo-controlled
registration studies of zanamivir treatment of H1N1 influenza virus (NAIA1001,
NAIA1002, NAIA1003, NAIA1004, and NAIA1010). The studies were con-
ducted between 1993 and 1997 and involved experimentally challenged volun-
teers. All were approved by ethics committees, and the volunteers gave their
written informed consent.

Volunteers were eligible for these studies if they were Caucasian men or
women aged from 18 to 40 years, with serum hemagglutinin antibody titers of
�1:8 to the relevant virus strains. They were nonsmokers or smoked an average
of less than 10 cigarettes per day and agreed not to smoke for the duration of the
isolation period. They had normal pulmonary function, were within �30% of
their ideal weight for height, were using effective contraception (women), and
were judged to be healthy based on medical history taking, physical examination,
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routine laboratory investigations, screening electrocardiograms (ECGs), and the
absence of lymphadenopathy.

The volunteers were challenged with 105 median (50%) tissue culture infective
doses (TCID50) of influenza A/Texas/91 (H1N1) virus intranasally and were
monitored daily for the following 7 or 8 days. A sample for viral shedding kinetics
analysis was taken from each volunteer 8 or 9 times. In four studies (48 subjects),
sample collection took place on day 0 (D0) before the challenge, and then on D1,
D2, D3, D4, D5, D6, D7, and D8; no D8 sample was collected in the fifth study
(8 subjects). The following symptoms were noted: earache, runny nose, sore
throat, coughing, sneezing, breathing difficulties, muscle ache, fatigue, headache,
a feverish feeling, hoarseness, and chest discomfort. The intensity of each symp-
tom was scored by the patient from 0 (none) to 3 (severe). The symptom data
were collected twice a day, at 0800 and 2000 on the same days as the viral titer
samples.

A systemic symptom score (range, 0 to 12) was constructed by summing the
scores for muscle ache, fatigue, headache, and a feverish feeling. We focused on
these systemic symptoms as they occurred first (8) and adequately delineated the
incubation period. In addition, these symptoms are causally related to the cyto-
kine level (20).

We also summed all the systemic symptom scores over the entire study period.
Volunteers with total systemic symptom scores below 2 over the 7 or 8 days of
follow-up were considered free of systemic symptoms.

On the whole, 56 volunteers were included in the placebo arms of these trials.
For this study, we selected subjects who had virus-positive samples on at least one
occasion after the challenge, leading us to exclude 12 volunteers who were
considered to not have been infected as they did not shed virus.

Forty-four volunteers with a mean age of 22.7 � 4.2 years (range, 18 to 35
years) were selected, of whom 35 (80%) were male. The mean body mass index
(BMI) was 24.3 � 3.5 kg/m2 (range, 18.8 to 33.6 kg/m2).

The subjects were influenza virus positive for 1 to 8 days (at least), and the
observed viral titer peak ranged from 0.75 to 9.5 log10 (TCID50/ml).

The observed systemic symptom scores ranged from 0 to 10 points, and
systemic symptoms lasted between 0 and 8 days (or more). Six volunteers had no
respiratory symptoms and no systemic symptoms and were thus considered
totally asymptomatic. Maximal viral shedding did not correlate with the maximal
systemic symptom score (Spearman’s rho, �0.28; P � 0.18).

Viral shedding. Daily nasal washing fluid samples, first taken on the day before
virus inoculation, were collected by introducing 5 ml of phosphate-buffered
saline per nostril and allowing it to dwell for 10 to 15 s before the volunteer
gently blew into a sterile container that was then transported to the laboratory
for processing. Two milliliters of each sample was combined with 0.5 ml of
concentrated virus transport medium. The residual sample was stored at �70°C
until titration. Aliquots of 0.2 ml were inoculated on quadruplicate monolayers.
Samples were incubated at 33 to 35°C for 14 days and examined for cytopathic
effects every day. Negative controls were conducted each day. Titers were cal-
culated from 10-fold dilutions of positive samples by the Karber method and
expressed as TCID50 per ml (14).

Modeling. (i) Population VKSD model. Population VKSD models were con-
structed with MONOLIX software version 3.1, and population parameters were
estimated with the maximum likelihood method and the stochastic approxima-
tion expectation maximization algorithm (23). The two responses (viral shedding
titer and systemic symptom score) were fitted simultaneously.

(ii) Structural VK model. This model extended the IFN compartmental model
proposed by Baccam et al. (3) and used a set of ordinary differential equations.
The compartments were uninfected target cells (T), infected but not yet virus-
producing cells (I1), productively infected cells (I2), cytokines (F), natural killer
(NK) cells, and infectious viral titers expressed in TCID50/ml (V) (Fig. 1). Note
that the cytokine compartment is taken “as a whole” and is not restricted to IFN
as in the Baccam et al. model. Cytokine production was assumed to be directly
proportionally to the number of infected cells and was attributed either to
infected cells themselves (30) or to activated macrophages and dendritic cells (2).
The cytokine compartment included all cytokines, such as IFN-� and IL-6, that
are causally linked to systemic symptoms, NK cell activation, and virus produc-
tion (34).

The equations describing the VK model are as follows: dT/dt � ��TV; dI1/dt �
�TV � kI1; dI2/dt � kI1 � �I2 � �I2NK; dF/dt � I2 � �F; dNK/dt � F � �NK;
and dV/dt � pI2/(1 	 
F) � cV; where � is the target cell infection rate, k is the
transition rate from I1 to I2, � is the mortality rate of infected cells, � is the effect
of NK cells on infected cells, � is the cytokine clearance, � is the mortality rate
of NK cells, p is the rate of virus production by I2, 
 is the effect of cytokines on
p, and c is the virus clearance. T0, the initial number of target cells in the upper
respiratory tract, was set at 4 � 108 (3). We set the cytokine and NK cell

production rates to 1, as this changes only the units in which the early immune
response is measured and does not lead to a loss of generality.

The average life span of infected cells is about 1 day (35), and � was thus set
at k/(k � 1).

We defined the half-life of free virus (i.e., the time required for a 50% decline
in the quantity of shed virus) as ln(2)/c, the half-life of cytokines as ln(2)/�, and
the half-life of NK cells as ln(2)/� (3, 36).

(iii) Structural SD model. Systemic symptoms were modeled as being depen-
dent on the level of cytokines (20), as follows: dS/dt � �F � hS, where � is the
rate at which systemic symptoms (S) appear and h is the rate of symptom
resolution.

(iv) Modeling the different degrees of variability. In the population approach,
each model parameter can be decomposed into a “population” parameter (a
fixed effect) and an interindividual variability (IIV) parameter (a random effect).
We illustrate this approach in a simple modeling example (Fig. 2). In our VKSD
model, the IIV parameters were tested one by one to determine if they signifi-
cantly improved the model. The three different error models (additive, multipli-
cative, and mixed) (12) were tested to model residual variability. The model was
fitted for two responses: the viral titer and the systemic symptom score. The
minimum value of the objective function (�2 log likelihood) was the main
criterion used for model selection. Nested models were compared by using the
likelihood ratio test (11). Model selection was also based on goodness-of-fit
plots, and the precision of the parameter estimates, in terms of the relative
standard error (RSE), was calculated as the standard deviation (STD) estimate
divided by the parameter estimate.

Influenza infection and illness parameters. We estimated the latent period,
infectiousness and its duration, the incubation period, and the generation time.
The latent period is defined as the time during which a subject is infected but not
yet infectious, while the duration of infectiousness is the average period for which
an individual is capable of transmitting the infection; the incubation period is
defined as the average time from infection to the appearance of symptoms of
disease (1).

As the viral shedding titer above which a subject will enter the infectious
period is unknown, we calculated the latent period, infectiousness, and the
duration of infectiousness for various thresholds of viral shedding titers. The
latent period was calculated as the time from inoculation to viral shedding
exceeding a given threshold for the first time. Infectiousness was calculated as the
area under the predicted VK curve (AUC) above the threshold (maximal infec-
tiousness corresponding to the AUC calculated with no threshold), and the

FIG. 1. Graphical presentation of the VKSD model. The free
virus (V) infects target epithelial cells (T), which become infected
cells not yet producing virus (I1,), before becoming productively
infected cells (I2). These latter cells produce free virus and lead to
the production of cytokines (F), either directly or via activation of
macrophages or dendritic cells. Cytokines reduce the virus produc-
tion rate, activate natural killer (NK) cells and induce systemic
symptoms (S). NK cells kill infected cells. The symbols above each
arrow represent model parameters. Parameters between I2 and F, or
F and NK, were fixed at 1.
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duration of infectiousness was defined as the period during which viral shedding
exceeded the threshold.

The incubation period was calculated as the time from inoculation to the onset
of a systemic symptom score of �1 in volunteers with systemic symptoms.

Finally, for the different thresholds, we calculated the generation time (Tg), an
epidemiological parameter representing the mean interval between infection of
a primary case and his/her secondary cases (33) and indicating the speed at which
an epidemic spreads.

Assuming infectiousness to be proportional to the viral shedding titer, random
contacts between infectious and susceptible individuals (i.e., homogeneous mix-
ing) which do not depend on the viral shedding titer, Tg can be calculated (8, 15)
as follows:

Tg � �
0

	

t � V�t�

�
0

	

V�x�dx

dt

We used the trapezoidal rule as a numerical integration method to compute the
generation time from individually predicted VK curves.

RESULTS

Population VKSD model. The population VK and SD pa-
rameter estimates are shown in Table 1. The best results were
obtained with an additive error model for both the VK and SD
components. Interindividual variability on all parameters sig-
nificantly improved the model.

The estimated average viral shedding titer increased sharply
from day 1 and peaked 2.0 days after inoculation (Fig. 3), then
fell rapidly to 1 log10 (TCID50/ml) between days 6 and 7. The

cytokine level and systemic symptom score showed roughly the
same dynamic pattern, and their peaks lagged behind the viral
titer peak by 0.2 and 0.4 days, respectively. The NK cell num-
ber peaked at 4.2 days but decayed slowly, remaining at 82% of
the peak on day 8.

The half-life of free virus was 2.3 h (STD, 0.4 h). The aver-
age cytokine half-life was 9.1 h (STD, 1.8 h), and the average
half-life of NK cells was 11.4 days (STD, 4.7 days).

Virus kinetics and symptom dynamics were highly variable
across the volunteers, as shown in Fig. 4. Volunteers with the
highest viral titers usually had the strongest predicted innate
responses but not necessarily the highest symptom scores.
Nineteen volunteers had no systemic symptoms, and these
subjects had significantly lower peaks of viral shedding than
volunteers with systemic symptoms (P � 0.001). The effect of
cytokines on virus production and the virus clearance were
significantly higher in volunteers without systemic symptoms
than in volunteers with systemic symptoms (Table 2).

Influenza infection and illness parameters. The average la-
tent period ranged from 0.4 days (STD, 0.3 days) to 1.5 days
(STD, 0.6 days), depending on the chosen viral titer threshold
(Fig. 5). In the same way, infectiousness lasted 1.3 days (STD,
0.8 days) at a threshold of 4 log10 (TCID50/ml) and 7.0 days
(STD, 2.1 days) when no threshold was applied. In the latter
case, 95% of the total amount of infectiousness was concen-
trated between day 1.2 and day 3.9 after inoculation. The
incubation period was 1.9 days on average (STD, 0.7 days) and
ranged from 0.9 to 4.5 days.

The average generation time was 2.1 days (STD, 1.0 day),

FIG. 2. Illustrative explanation of the population approach. We illustrate the statistical population approach with a simple monocompartmental
model simulated on individuals (i � 10) and described by the equation dX/dt � �kX [i.e., X(t) � X(0) � e�kt], with a single parameter, the
elimination rate k. Parameter k was the population estimate but was assumed to vary across individuals such that ki equals k exp(�i), with �i being
normally distributed (0,�2). In the example, k equals 2 and � equals 1, leading to an interindividual variability of 100%. To model residual
variability, i.e., the difference between predicted and observed values, the following three different error models can be tested: additive [Xi(t) �
X̂i(t) 	 ε1], multiplicative [Xi(t) � X̂i(t)(1 	 ε2)], or mixed [Xi(t) � X̂i(t)(1 	 ε2) 	 ε1], where ε1 and ε2 follow N(0,�1

2) and N(0,�2
2), respectively,

and X̂i(t) is the individual predicted value. (a) Simulated data for 10 subjects. (b) Population predictions (red line), the population confidence
interval (orange lines), and the simulated data (blue dots) are shown. (c) Predicted individual curves (green). The population curve (red) is shown
for information. (d) For two subjects, we present the individual prediction (green) and the prediction interval (magenta) obtained with the additive
error model.
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while the times computed from individual predictions ranged
from 1.2 to 6.2 days (Fig. 5).

Infectiousness was on average 14 to 16 times lower in vol-
unteers without systemic symptoms than in volunteers with
systemic symptoms (Fig. 5). The latent period was 0.2 days
longer with the 0.5 log10 (TCID50/ml) threshold (Mann-Whit-
ney test; P � 0.045), and the generation time was 1 day longer
(Mann-Whitney test; P � 0.002) in subjects without systemic
symptoms than in volunteers with systemic symptoms. How-
ever, regardless of the threshold, no significant difference in
the duration of infectiousness was found between subjects with
and without systemic symptoms.

DISCUSSION

We used an original model to characterize influenza virus
shedding kinetics and symptom dynamics. This model offers a
mechanistic approach to influenza infection and illness and an
overall view of the disease time course. Relative to previous
work, our approach comprises three novelties: influenza infec-
tion and illness were fitted simultaneously, the innate immune
response was modeled and predicted, and we used a statistical
population approach which contributes to the description and

explanation of different levels of variability, including interin-
dividual variability. We also characterized major influenza in-
fection and illness parameters. Our model parameter estimates
for virus kinetics were of the same order as those found in
other studies. The infection rate, �, was 2.7 � 10�5 to 3.2 �
10�5 (TCID50/ml)�1 � days�1 (3); the virus clearance, c, was
3.0 to 5.2 days�1 (3, 26); and we found 3.0 � 10�5 (TCID50/
ml)�1 � days�1 (95% confidence interval [CI], 1.4 � 10�5 to
4.6 � 10�5) and 7.1 days�1 (95% CI, 3.6 to 11), respectively.
The average lifetime of infected cells was fixed at 1 day, as
overfitting occurred when this parameter was estimated.
The use of other lifetimes (12 h to 4 days) did not modify the
main findings. The VK and SD curves were also consistent
with those obtained in a previous study (8) in which the viral
titer and systemic symptoms peaked on day 2. However, ours
is the first study to quantify the interindividual variability of
parameters describing viral shedding and symptoms. We
showed that some of these parameters were highly variable
across individuals, such as parameter 
 (the effect of cyto-
kines on the virus production rate), while others were rela-
tively constant across individuals, such as parameter k (the
transition rate from I1 to I2).

As we had no data on cytokine or cellular responses, we
designed the innate response compartments as a “black box,”
representing the pooled cytokine response, and an NK cell
compartment. We predicted that the cytokine level peaked at
2.2 days and had a half-life of 9.1 h. This pattern was similar to
the IL-6 and IFN-� kinetics observed in a volunteer challenge
study of influenza virus (20). The NK cell kinetics was in line
with that found in a study of young subjects with Epstein-Barr
virus infection (36). Our model does not take into account the
adaptive immune response, as the early adaptive immune re-
sponse, and particularly cytotoxic T lymphocyte destruction of
virus-infected cells, would tend to appear a certain time after
infection (nearly 5 days) and would peak later (between 9.5 to
11 days) (7). The adaptive response is unlikely to have a
marked effect on the observed kinetics during the first days of
infection.

The model predictions were then used to calculate several
influenza virus infection and illness parameters. We arbitrarily

TABLE 1. Population VKSD parameter estimates and their precisiona

Parameter Parameter description Unit Estimates
(% RSE) % IIV (% RSE)

� Infection rate (TCID50/ml)�1 � day�1 3.0 � 10�5 (18) 74 (19)
k Transition rate from non productive to productive

infected cells
Day�1 2.8 (7) 28 (23)

� Effect of NK cells on infected cells 3.8 � 10�6 (49) 126 (36)
� IFN clearance rate �F�/day 1.82 (20) 111 (14)
� Mortality rate of NK cells 0.061 (41) 114 (33)
p Virus production rate TCID50/ml � day�1 0.043 (16) 60 (22)
c Virus clearance rate Day�1 7.1 (17) 91 (15)

 Effect of cytokines on virus production rate (p) �F��1 2.4 � 10�7 (145) 778 (14)
V0 Initial no. of viruses TCID50/ml 0.50 (13) 67 (15)
� Rate characterizing systemic symptoms Symptom score point � day�1 2.2 � 10�6 (34) 78 (37)
h Systemic symptom resolution rate Day�1 6.1 (26) 64 (40)
εV Additive part of the model error for the viral titer TCID50/ml 1.2 (5)
εS Additive part of the model error for systemic symptoms Symptom score point 0.59 (3)

a The estimates column provides the population fixed effect parameters or “average value of the parameter in the population” with their precision of estimation
(relative standard error [RSE] as a percentage), while the IIV column represents the predicted interindividual variability for each parameter in the population and is
shown along with its own precision of estimation.

FIG. 3. Population predictions of viral titer (black), cytokines
(green), and NK cell (purple) kinetics and systemic symptom intensity
(orange) dynamics. The cytokine and NK cell kinetics were scaled in
proportion to their maximum values.
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chose viral titer thresholds to distinguish between infectious
and noninfectious individuals, as there is no clear boundary.
We deduced from these thresholds a series of values for infec-
tiousness, its duration, and the latent period. These parameter
values were consistent with the results of previous studies (8, 9,
13, 25). The generation time was calculated assuming (i) in-
fectiousness proportional to the viral titer, thus ignoring other
key factors contributing to virus transmissibility, such as respi-
ratory symptoms; and (ii) homogeneous random contacts in-
dependent of viral shedding. Our estimated generation time
(2.1 days) was consistent with the values obtained in a meta-
analysis of volunteer challenge studies (8) and with epidemio-
logical data (13) but showed increased variability (range, 1.2 to
6.2 days), which may be important from an epidemiological
standpoint. We found that participants without systemic symp-
toms were on average 15 times less infectious than participants
with systemic symptoms, confirming and extending the results
of a study of naturally acquired infection in which asymptom-
atic subjects had lower viral titer peaks than symptomatic sub-
jects (22). We believe that this result is particularly important,
as poorly symptomatic individuals who go undiagnosed are
poorly infectious and would not markedly influence the effec-

tiveness of interventions (antivirals, isolation, etc.) aimed at
controlling epidemics.

Our study has two main limitations. First, the analysis was
based on a relatively homogeneous population, and second,
the data came from experimental rather than naturally ac-
quired infection. The applicability of our model to the nat-
ural infection depends on the pathogenicity of the virus used
to challenge the volunteers, as well as preexisting immunity
and the relevance of the challenge method to natural influ-
enza virus acquisition (8). We believe that these issues are
unlikely to affect the validity of our modeling approach: the
viral shedding data and the rate of symptomatic infection, as
well as the estimated infection and illness parameters, are
consistent with the results of studies based on epidemiolog-
ical data (13, 25).

Our findings have several important implications. First,
similar models could be used to predict the time course of
respiratory symptoms in influenza, thereby providing more
realistic estimates of infectiousness by taking into account
the high interindividual variability. Second, our approach
could be used to predict the effect of antiviral treatment on
infectiousness and symptoms. Finally, this approach might

FIG. 4. Individual predictions of the viral titer (a), cytokines (c), and NK cell (d) kinetics and systemic symptom dynamics (b). The curves are
ordered from the lowest peak viral titer (dark blue) to the highest (red). The order of the cytokines and NK cells peaks roughly follows that of
the viral titers, contrary to the order of the peak systemic symptom scores.

TABLE 2. Differences in mean individual VKSD parameters between volunteers with and without systemic symptoms

Parameter Parameter description Unit Systemic symptoms No systemic
symptoms P

p Virus production rate TCID50/ml � day�1 0.047 0.038 0.009

 Effect of cytokines on virus production rate (p) �F��1 7.1 � 10�6 1.7 � 10�3 0.0001
c Virus clearance rate Day�1 7.6 10.3 0.03
� Rate characterizing systemic symptoms Symptom score point � day�1 2.6 � 10�6 2.0 � 10�6 0.012
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help to optimize the design of future influenza VK and
VKSD studies with respect to the necessary number of par-
ticipants and samples.
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