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We use a time dependent modification of the Kermack and
McKendrick model to study the evolution of the influenza A(HIN1)
v epidemic reported in the Mexico City area under the control
measures used during April and May 2009. The model illustrates
how the sanitary measures postponed the peak of the epidemic
and decreased its intensity. It provides quantitative predictions
on the effect of relaxing the sanitary measures after a period of
control. We show how the sanitary measures reduced the maximal
prevalence of the infected population from 10% to less than 6%
of the total population. We also show how the model predicts the
time of maximal prevalence and explains the effect of the control
measures.

Introduction

In this work we present an analysis based on theoretical
considerations, with the aim of understanding quantitatively the
effects of the sanitary controls and their relaxation on the evolution
of the influenza A(H1N1)v outbreak in Mexico City in the period
from April to May 2009. Since the only controllable parameter
during an outbreak of this infectious disease is the contact rate,
the World Health Organization (WHO) recommends reducing it by
avoiding gatherings, closing schools, restaurants, cinemas, etc.
These actions result in decreasing the maximum number of infected
individuals, and the delay of the epidemic peak. We show that
these sanitary measures, followed by a period with measures such
as frequent hand washing and other prophylactic measures, can
control the outbreak. Using this regime, our model is consistent
with the currently available data. Finally, we present a less positive
scenario which shows a second peak of the incidence curve after
the return to school on 11 May, which might be seen in the real
data, once the complete information on incident cases becomes
available.

Methods

We used a simple model in terms of the number of parameters,
the Kermack and McKendrick model [1,2]. The purpose of using
such a simple model was to have a small number of parameters,
first to give a rough estimate of the time of maximal prevalence,
and second, to analyse the behaviour of the contact rate under

the sanitary measures recommended by the WHO. It is generally
accepted that the influenza A(H1N1) virus is transmitted by direct
contact. There is no evidence that vaccination for seasonal influenza
creates cross-immunity to influenza A(HIN1)v virus. Moreover,
once the outbreak started there was some evidence of spatial
homogeneity in the Mexico City area with cases being reported
in different parts of the city. For these reasons, it was possible
to use the Kermack and McKendrick model, without considering
vaccination, in terms of the proportions

s(t)=S)/N, i(t)=I(t)/N, and r(t)=R(t)/N
of the total number of susceptible S(t), infected I(t), and
removed R(t) individuals, where the total population N was assumed

constant.

The equations for the time evolution of the epidemic outbreak
take the form:

ds/dt = -BN s i,
di/dt=BNsi-ai,
dr/dt=ai.

Here, 1/a was the expected infectious period with an estimated
value of 3 days, and BN was the contact rate which in this case
controlled the reproduction number Ro. The initial conditions and
the initial time for the applicability of the model were determined
from the data on the onset of the epidemic (between 10 and 20
April) available from the Mexican Secretariat of Health (Secretaria
de Salud de México) [3]. The control measures established on 23
April, changed the contact rate and their effects were modelled
using a time-dependent contact rate. We calculated the prevalence
and incidence curves integrating numerically these equations.
The results were then used to assess the effect of the sanitary
measures on the evolution of the epidemic. Finally, we comment
that the delay due to the incubation period was not included
because according to the Mexican Secretariat of Health, infected
individuals become contagious soon after their infection, even
before presenting symptoms.
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Results

The basic reproductive number Ro=BN/a was estimated at
the beginning of the outbreak using the force of infection and
an exponential fitting of the data from the Mexican Secretariat
of Health. We assume i(t)=exp(At) at the onset of the epidemic,
and substitute this expression in the equation for the infected
proportion to obtain the relation Ro=1+A/a, where A is estimated
fitting the data by least squares method. We used this approach
to obtain Ro=1.72 for the outbreak in Mexico City. For the La
Gloria community in the state of Veracruz, this same approach
yielded an Ro of 1.716, which to two decimal places is the same
as the Ro for Mexico City. This estimate is in good agreement with
the results of Fraser et al. [4]. From this expression for Ro and
from a=0.333, we obtained BN=0.57. This fit in addition gave
the interval from 10 to 20 April as the possible time of onset.
Moreover, assuming a population of 8x106 individuals, we obtained
from the fitting the estimate of 730 actually infected individuals
for each reported case. Finally, using the estimated parameters,
we calculated the numerical solution of the model and compared
it with the observational data reported at the National System of
Epidemic Surveillance of the Mexican Secretariat of Health [3].

In curve a) of Figure 1, we show the solution of the model starting
at t=PO0, which coincided well with the data from before the controls
were started. When the control measures were implemented on
24 April, the Mexican Secretariat of Health reported that Ro was
approximately equal to 1.3 [3]. With this value we estimated a
contact rate BN of 0.44. Assuming this decay of the contact rate,
curve b) shows the evolution of the epidemic as calculated from
the model. We observed a substantial reduction of the maximal
prevalence, at the expense of a delay of the maximum.

In order to have a preliminary estimate of the effect of the
relaxation of the controls, we calculated the prevalence curve i

FIGURE 1

(t). According to the model, a natural time to partially relax the
controls would be close to the inflection point P2 of curve a), which
corresponds to 6 May. Indeed, the health authorities announced
relaxation of the measures near that date, on 1 May. At this date,
the contact rate BN increased due to the continuation of normal
activities. We assume that it increased from 0.44 to 0.5. We
calculated the evolution of the epidemic shown in P3 of curve
c). We observed an increase in the maximal prevalence, but no
substantial change of the time of arrival of the peak compared to
curve b). This calculation predicted the maximum prevalence at P4
on 20 May, which is the maximum of curve c) and corresponds to
zero incidence. We remark that these calculations were available on
30 April and we assumed an instantaneous response of the contact
rate for these preliminary estimations. Next, we examined in detail
with the new available data how a more precise fitting of the model
explains in simple terms the observed evolution of the epidemic.

To fit the evolution of the incidence we considered the data
shown in Figure 2, and used the probable cases to determine the
time evolution of the contact rate as a result of the controls. We
start by remarking that when this work was under revision, the
Mexican Secretariat of Health reported on 2 June 126 new cases
in Mexico City without giving the dates of their occurrence; these
cases were therefore not included in the calculations in the paper.
Looking at the incidence data for the whole country for 26 May
and 2 June, it is obvious that some cases take up to 30 days to
be reported [3].

There is a clinical estimate of about five days as the relaxation
time of the contact rate BN after sanitary measures are taken. We
noticed that a better fit of the incidence data was obtained when a
relaxation time of six days was used. We assumed a linear decrease
of the contact rate BN between 24 and 30 April, from its original
value 0.57 to 0.42. The latter value gave an Ro of 1.27 which was

FIGURE 2

Modelling the evolution of the influenza A(H1IN1)v outbreak
in the metropolitan area of Mexico City, 17 April -
17 June 2009
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a) The evolution of the outbreak with no control starting at April 17.
b) The evolution of the outbreak with control measures starting

on April 24.

c) The evolution of the outbreak with the measures relaxed on May 6.
Note the peak of the epidemic at P4 on 20 May.

Incidence curve of the influenza A(H1N1)v outbreak in
Mexico City, 17 April - 26 May 2009 (n= 6,114 probable
cases and 1,752 confirmed cases)
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The bars indicate the incidence in Mexico City. The light gray curve

gives the results of the model for a recovery of the contact rate to 0.46
starting on 7 May. The dark gray curve gives the results of the model for a
recovery of the contact rate to 0.46 starting on 10 May.
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slightly below the value Ro=1.3 given by the Mexican Secretariat of
Health. The contact rate BN=0.42 was kept constant for the rest of
the period under sanitary measures. With these values, we obtained
a good fit to the actual evolution of the epidemic up to 10 May.
On 6 and 7 May, universities and senior high schools reopened in
Mexico City. Elementary schools and junior high schools reopened
on 11 May, but on 10 May was Mother’s Day and there was much
activity in the city.

The data for May is still incomplete, therefore we present two
possible scenarios. In Figure 2, the green curve shows a linear
increase of the contact rate BN for six days, starting on 7 May,
increasing to the value 0.46 and keeping this constant value until
the incidence curve reaches zero on 20 May. The purple curve
shows a linear increase of the contact rate for six days starting on
10 May, increasing to the value 0.46 and keeping this constant
value until 20 May. The available data seem to indicate that the
increase of the contact rate did not start until 10 May, suggesting
that the reopening of universities and senior high schools in Mexico
City did not have a big impact on the contact rate. However, as
we remarked above, the data for this period are incomplete and
therefore, we will only be able to see which scenario is more likely
to have occurred once these data become available.

Finally, we note that the curves in the final phase are similar to
straight lines and indicate 20 May as the time of zero incidence
which corresponds to maximal prevalence. The straight line
behaviour is due to the short duration of the peak as seen in
the prevalence curves in Figure 1. We therefore propose a closer
examination of the data, when available, to understand the duration
of the peak in detail.

Figure 3 shows the reproductive ratio R(t) computed with the
data from the Mexican Secretariat of Health shown in Figure 2 and
using the method of Wallinga and Lipsitch [5] and the mean and
standard deviation for the distribution intervals from Carrat et al.
and Boélle et al. [6,7]. This ratio determines the current growth
rate relative to its weighted average in the past. It reaches one at
the maximum incidence.

The reproductive ratio R(t) was >1 at the onset of the outbreak
and decreased slowly until 7 May, crossing the value 1 on 25 April.
This behaviour is consistent with the results shown in Figure 2,
where the maximum incidence occurred on 26 April, which was the

FIGURE 3

Effective reproductive ratio R(t), influenza A(HIN1)v outbreak in
Mexico City, 17 April - 21 May 2009
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same day when R(t) was 1. After 26 April, both curves descended
until 7 May. After this, R(t) showed larger oscillations, which are
another indication of a change in the progression of the epidemic
due to the relaxation of the sanitary measures. This is the region
for which we give two possible scenarios. We observed that both
methods complement very well each other.

Discussion

We have shown how a time dependent modification of a classical
model can be used to make reliable predictions on the evolution of
the influenza A(HIN1)v epidemic, using only preliminary estimates
of the life time of the virus and the initial growth of the incidence
curve at the onset of the outbreak. Usually, these are the only
available data when an outbreak of a new virus starts. The effect
of the sanitary measures was studied modelling the decrease and
increase of the contact rate using linear functions of time. The
fitting shows a time of relaxation of the contact rate of around
six days. The model shows that the sanitary measures had a long
lasting effect in that it kept the contact rate low in the period when
these measures were in place. Once the sanitary measures were
lifted, the contact rate remained much lower than at the onset
of the outbreak. The use of antivirals as a prophylactic measure
requires an independent study. However antiviral drugs were not
used in Mexico during the outbreak.

The time scale of the response to controls and their relaxation
show that the present model together with real-time monitoring of
the incidence curve can provide reliable forecasts of the evolution
of the outbreak, providing another tool for a decision regarding the
epidemic alert level during a future outbreak.
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